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ABSTRACT
STRUCTURE-PROPERTY CORRELATION IN CYCLOPOLYMERIZATION OF
NEW ACRYLATE-BASED FUNCTIONAL MONOMERS
by Huseyin Tas
August 2010
New ether dimer; (ED-Od) and (ED-Eh) and diester; (ODE) and (EHDE)
derivatives of α-(hydroxymethyl)acrylate, each having two octadecyl and 2-ethylhexyl
side chains respectively, and an amine-linked di(2-ethylhexyl)acrylate (AL-Eh), having
three 2-ethylhexyl side chains, were synthesized and (co)polymerized to evaluate the
effects of differences in the structures of the monomers on final (co)polymer properties,
particularly glass transition temperature, Tg. The free radical polymerizations of these
monomers yielded high molecular weight polymers. Cyclopolymer formation of ED-Od,
ED-Eh and AL-Eh was confirmed by 13C NMR analysis and the cyclization efficiencies
were found to be very high (~100%). Copolymers of ED-Od, ODE, ED-Eh, EHDE, and
AL-Eh with methyl methacrylate (MMA) showed significant Tg decreases over PMMA
due to octadecyl and 2-ethylhexyl side groups causing ‘internal’ plasticization.
Comparison of the Tg’s of the copolymers of octadecyl methacrylate, ED-Od, ODE and
2-ethylhexyl methacrylate, ED-Eh, EHDE, and AL-Eh with MMA revealed that the
impacts of these monomers on depression of Tg’s are identical with respect to total
concentration of the pendent groups. That is, the magnitude of decrease in Tg’s was
quantitatively related to the number of the octadecyl and 2-ethylhexyl pendent groups in
the copolymers rather than their placement on the same or randomly incorporated repeat
units.
ii

A new member of the readily available family of α-functionalized acrylates has
been synthesized, characterized, and polymerized. Reaction of 2-ethylhexyl acrylate with
paraformaldehyde in the presence of catalytic 1,4-diazabicyclo[2.2.2]octane (DABCO)
and t-butyl alcohol at elevated temperatures leads to ca. 30% yields of 2-ethylhexyl α(hydroxymethyl)acrylate (EHHMA). Continued reaction leads to ca. 75% conversion to
the ether dimer of this compound. Copolymerization with styrene occurs readily to give
products that appear to be essentially random copolymers based on the reactivity ratio
values of the monomers. Compositions of copolymers prepared in low conversion by
bulk polymerization of EHHMA and styrene were determined by 1H NMR and 13C NMR
spectroscopy. Reactivity ratios for both EHHMA and styrene, determined by the methods
of Fineman–Ross and Kelen–Tudos, were found to be about 0.42. The depression in the
Tg’s of the styrene copolymers with increasing EHHMA content showed a non-linear
behavior which was attributed to the competition of a plasticizing and an anti-plasticizing
group located within EHHMA structure.
The acrylamide (ACRCL), methacrylamide (MACRCL), diallyl (DAAC), and
diacrylate (DEMAC and ED-ACL) derivatives of α-amino-ε-caprolactam were
synthesized. The monomers were obtained with good conversions and high purity. Free
radical polymerizations of DAAC, DEMAC, and ED-ACL gave soluble cyclopolymers
due to high degree of intra- rather than intermolecular reactions during polymerizations.
1

H NMR and 13C NMR analyses of the cyclopolymers confirmed that the cyclization

efficiencies were very high. All homopolymers showed unusually high glass transition
temperatures along with unique secondary thermal transitions which were attributed to
strong intra- and intermolecular hydrogen bonding.
iii
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CHAPTER I
INTRODUCTION
The syntheses of soluble polymers from unconjugated dienes in the 1950s led to
numerous variations in formation of soluble polymers and copolymers. In the 1950s,
Butler and co-workers reported the polymerization of diallyl quaternary ammonium salts
which resulted in polymers soluble in water. This was unexpected, because previous
research involving the synthesis of strongly basic ion exchange resins using difunctional
ammonium compounds resulted in crosslinked, insoluble polymers.1-7 Butler attributed
this to a polymerization mechanism consisting of alternating intramolecular and
intermolecular chain-growth steps, as shown in Figure 1.1.8
+
N
R R

Initiation
Z.

Z

.
N
R R

Intramolecular
propagation

Z
N
R R

. Intermolecular
propagation

n
N
R R

Figure 1.1. Polymerization mechanism of diallyl quaternary ammonium salts proposed
by Butler.
This mechanism, termed ‘cyclopolymerization’, is a very important development
in polymer science. Previously, it was thought that the polymerization of unconjugated
dienes only led to crosslinked, insoluble polymers. However, by using
cyclopolymerization, thousands of new cyclic (co)polymers have been synthesized via a
variety of initiation methods (radical, anionic, cationic, and coordination chemistry) and
with differing ring structures and functionalities, thereby yielding products having a
broad range of chemical, physical, and mechanical properties.9
Cyclopolymerization provides not only high polymerizability of dienes, (for
example, monofunctional analogs do not always polymerize10-12), but also introduces a
cyclic repeat unit into the polymer backbone that may have different functional groups
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either attached to or incorporated in the ring. The ability to manipulate backbone
structure and functionalities on the ring at the same time makes cyclopolymerization
unique.
Today, the mechanism of cyclopolymerization is well understood after years of
research inspired by the proposal of Butler. The propagation of the polymer chains can
involve two competitive steps: intramolecular cyclization that introduces ring structures
to the backbone, and intermolecular monomer addition reaction, that forms a pendent
unsaturated double bond which may crosslink with other propagating chains (Figure
1.2).13

C* +

P

C
*

P
Rc

*

C
P

*

+M
Ri

C
P

Figure 1.2. The propagation of an active chain-end intermediate may undergo
intramolecular cyclization reaction (rate, Rc) or intermolecular addition reaction (rate, Ri)
that creates unsaturated pendent groups capable of crosslinking.
The major problem of cyclopolymerization is imperfect cyclization arising from
the high reaction rate of the intermolecular addition step (Ri), leading to crosslinking.
Therefore, it is essential to control the reaction rates of the two competitive propagation
reactions for successful synthesis of cyclopolymers. The rate of the intramolecular
cyclization, Rc, should be maximized to promote high cyclization. Here, the cyclization
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efficiency is defined as the ratio of the reaction rates of the two competitive reactions: fc =
Rc.Ri-1. Previous studies have clarified some of the structural and molecular factors
affecting cyclization efficiency. Understanding these factors allows control of cyclization
efficiency that is crucial to synthesis of new monomers and to obtain high molecular
weight, soluble cyclopolymers of these monomers. The focus of this study is free radical
polymerizations of ether and amine-linked 1,6-diacrylates. In the next section, the
structural and molecular factors controlling cyclization efficiency for these systems will
be discussed.
Molecular Control of Cyclization Efficiency
Polymerizations of diacrylate monomers having anhydride and imide groups (1)
have shown inefficient cyclization, with mostly six-membered rings in the polymer
backbone formed (2)13 (Figure 1.3).
X

R
O

R
O

(1)

R
O

X

R n
O

(2)

R = H, CH3
X = O, NR'
R'= H, CH3, t-butyl

Figure 1.3. Cyclopolymerization of anhydride and imide dimers with poor cyclization
efficiency.
The polymerizations were fast but showed poor cyclization due to the rigid
anhydride and imide groups linking the two reactive vinyl groups. Rigid linking groups
bearing sp2 atoms do not provide suitable conformation for intramolecular cyclization
reactions, and therefore allow intermolecular addition. The effect of linking groups on
cyclization efficiency was understood better after the synthesis of ether linked diacrylates

4
(3).14,15 Polymerizations of methyl and ethyl esters of these diacrylate ethers gave soluble
cyclopolymers (4) with high cyclization efficiency and exclusively six-membered rings in
the polymer backbone16,17 (Figure 1.4). It was concluded that the ability of the flexible
ether linkage between acryloyl groups to adopt gauche conformations through its sp3
atoms provide the necessary conformations for intramolecular cyclization.

O
R

O

O
O

O

R

(3)

n

RO2C

CO2R
O
(4)

Figure 1.4. Cyclopolymerization of ether linked diacrylates.
The bulkiness of terminal substituent groups also affects cyclization efficiency.
Increasing the bulkiness of the substituents greatly enhances intramolecular cyclization.
For example, polymers based on the methyl, ethyl, isobornyl, t-butyl, and adamantyl
esters of 3 exhibited cyclization efficiencies that greatly increased with the increasing
‘effective’ bulkiness, defined by the number of carbons attached to the central ester
carbon11 (Table 1.1). It can be concluded that the steric hindrance of bulky substituents
decreases both the reaction rate of intramolecular cyclization and the rate of
intermolecular addition; however, the rate of intermolecular addition was reduced more.
Table 1.1 clearly shows that cyclization efficiency increases with increasing
substituent bulkiness despite the disadvantage in activation energy for cyclization. The
one- to two-fold increase in activation energy for cyclization as compared to
intermolecular addition with increasing bulkiness from methyl to t-butyl and adamantyl is
countered by the large change in the ratio of pre-exponential terms. The pre-exponential
term is sensitive to steric and conformational factors controlling the successful approach
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of reactants to the transition state. The advantage provided by bulky groups leads to a
dramatic increase in cyclization efficiency.
Table 1.1
Estimated Kinetic Parameters of Cyclopolymerizations of Various Alkyl Esters of 3a

a

kc/ki

Ac/Ai

Ec-Ei

Substituent R

(mol/L)

(mol/L)

(kJ/mol)

Methyl

16.7b

807

11.55

Ethyl

19.0

1110

11.80

Isobornyl

50.0

11700

16.25

t-Butyl, adamantyl

87.0

94100

20.54

H

70.5

2810

11.05

k’s are rate constants, A’s are pre-exponential factors, and E’s are activation energies for intramolecular cyclization (c) and

intermolecular addition (i).
b

One-point data calculated from the ratio of rates: Ri.Rc-1 = 2ki.kc-1.[M].

Interestingly, the polymerization of the diacid analog of 3 (R=H) has a very high
cyclization efficiency (Table 1.1). This is surprising since this monomer should have the
lowest steric interactions compared to alkyl esters of 3. It appears that the ability of
carboxylic acid groups to form intramolecular hydrogen bonds increases favorable
conformations for cyclization.11
In addition to the steric factors, electronic effects also play an important role in
cyclization efficiency. For example, cyclopolymerization of monomers containing diallyl
malonitrile groups (5, Fig. 1.5) gave high molecular weight polymers with high
cyclization efficiency.18 In this case; strong electron-withdrawing nitrile moieties polarize
the allyl groups, thus preventing proton abstraction from the CH2 groups by limiting
chain transfer reactions. In addition to this electronic effect, the di-substitution on the
linkage carbon atom increases the probability of favorable orientations for intramolecular
reactions by enhancing gauche conformations.

6
O
R

O

O

O

R

n

RO2C

CO2R

NC CN
NC CN

(5)
R = Methyl, ethyl

Figure 1.5. Cyclopolymerization of dicyano-containing diacrylates.
Thus, control of cyclization efficiency has been discussed for symmetrical 1,6dienes. Structural and molecular control of cyclization efficiency is also possible for
unsymmetrical dienes. As an example, the allyl derivative of ethyl αhydroxymethylacrylate (6, Fig.1.6) can be polymerized at high conversion to form a
cyclopolymer of moderate molecular weight with a five-membered ring in the
backbone.19 This is unexpected, because the allyl group is highly susceptible to chain
transfer reactions that lead to low molecular weight products, which does occur for the
monofunctional analogs.

O
n

O

CO2Et

O
O
(6)

Figure 1.6. Cyclopolymerization of allyl ether acrylate monomer.
To explain this unexpected cyclopolymerization, the initial radical forms most
probably at the methacrylate double bond and cannot propagate through intermolecular
reactions due to steric hindrance by the bulky group attached at the alpha position. As a
result of this, intramolecular cyclization is favored to give formation of five-membered
rings. Propagation through primary radical thus formed rapidly occurs. Propagation
through this primary radical is not thermodynamically favored but kinetically controlled
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for this type of cyclopolymerization. Cyclopolymerization of unsymmetrical dienes is
also observed for similar systems such as allyl amine containing monomers (Fig. 1.7).20
O
N

n

CO2Me

O
N
(7)

Figure 1.7. Cyclopolymerization of allyl amine acrylate monomer.
In summary, increasing the electronegativity and bulkiness of the groups
connecting two vinyl moieties increases polymerization rate and cyclization efficiency.
However, increasing the bulkiness of acryloyl ester groups decreases the polymerization
rate while increasing cyclization efficiency for 1,6-diacrylate monomers. In addition,
increasing the polymerization temperature as well as combining reactive and non-reactive
vinyl groups favors intramolecular cyclization. In this project, copolymerizations of
various 1,6-diacrylate monomers with monofunctional comonomers will also be
performed, providing understanding of the electronic and steric factors that dictate
molecular and structural control of cyclization efficiency. This is important in
copolymerizations in order to eliminate the crosslinking which results from
intermolecular addition reactions favored by the high concentration of monofunctional
comonomers. Crosslinking in copolymerizations can be eliminated, or at least minimized,
by using dienes which have high cyclization character.
Cyclization efficiency and its molecular control in cyclopolymerizations of 1,6diacrylates have been discussed up to this point, but a key question remains of how are
these monomers synthesized? The chemistry involved in the synthesis of these dienes
will now be addressed.

8
RHMA Chemistry
The precursor compounds for 1,6-diacrylate monomers are α(hydroxymethyl)acrylates (RHMA, 8) shown in Figure 1.9. RHMA compounds are
obtained from the coupling reaction of aldehydes with acrylate esters under basic
conditions using DABCO (1,4-diazabicyclo[2.2.2]octane), a Lewis base as a catalyst.21,22
The mechanism proposed for this reaction23 (Fig. 1.8) includes initial Michael addition of
DABCO to acrylate to generate a carbanion-ammonium zwitterions. This resonance
stabilized enolate ion then attacks the electrophile (the aldehyde carbonyl). The final
steps involve the irreversible transfer of an α-hydrogen to the newly formed oxygen anion
followed by subsequent elimination of DABCO to regenerate the acrylate double bond.
O
O

H

H

OR

O

O
OR

H
H

H

OH O

O
OR

H
H

OR

N

N

N

N

N

N

N

N

Figure 1.8. Reaction mechanism of an acrylate and an aldehyde in the presence of
DABCO to yield α-(hydroxymethyl)acrylate.
During the synthesis of methyl α-(hydroxymethyl)acrylate (MHMA) from methyl
acrylate and formaldehyde in the presence of DABCO, unexpected ether formation
resulted in the dimer of MHMA, which was isolated from the reaction mixture that also
contains MHMA.14 This side reaction leading to ether dimer formation allows the
synthesis of ether-linked difunctional acrylates (9, Fig. 1.9), possessing a wide range of
substituents. These are excellent monomers for cyclopolymerization as previously
discussed.

9
O

O
O

R

+

O

DABCO

HO

O
O

R

DABCO

R

8

O

O
O

O

R

9

Figure 1.9. Synthesis of α-(hydroxymethyl)acrylates (RHMA) and concomitant
formation of its ether dimer.
The proposed mechanism for base-catalyzed ether formation from RHMA
involves a proton relay mechanism through a six-membered transition state in which
Michael-like oxygen attack at the β-vinyl carbon occurs simultaneously with loss of the
allyl OH to generate a vinyl group at the allyl CH2 (Fig. 1.10).15
N
H
O
R

O
O

H
O

O

R

O

Figure 1.10. Base catalyzed ether formation involving α-(hydroxymethyl)acrylates.
Synthesis of other types of diacrylates, such as the amine linked compound, is
possible with RHMA chemistry. An α-(chloromethyl)acrylate intermediate obtained by
treating the α-(hydroxymethyl)acrylate with excess thionyl chloride permits the synthesis
of a variety of substituted, symmetrical and unsymmetrical 1,6-diacrylates (Fig. 1.11)13,
24, 25

having potential for high cyclization efficiency. It is thus possible to synthesize

excellent 1,6-diacrylates with high cyclization efficiency and additional functionality for
cyclopolymerization by synthetic routes shown in Figure 1.9 and Figure 1.11 using
commercially available monomers as starting compounds.
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O
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SOCl2
R'
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COOR
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N
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O
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O
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NC CN

Figure 1.11. Synthetic routes to various difunctional acrylates derived from α(chloromethyl)acrylate.
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Figure 1.12. Different functionalities incorporated in monomer and polymer backbone.
Tailoring the functionalities in monomers synthesized using RHMA chemistry
will enable monitoring the effects of different combinations of functionalities on the
structure and final properties of monomers and their cyclopolymers as shown in Figure
1.12. This structure-property correlation will then be analyzed possibly to control
important molecular structures and final polymer properties.
The research presented in this dissertation involves design, synthesis, and
(co)polymerization of acrylate-based monomers with different combination of
functionalities. The chapters in this dissertation were formatted to be submitted for
publication; therefore each chapter contains an abstract, introduction, experimental,
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results and discussion, conclusion, and references sections. The goal and summary of the
following chapters are given below.
Chapter II
The goal of this study was to understand the effects of combined functionalities
incorporated into a single repeat unit via the establishment of structure-property
correlation for new multifunctional acrylate-based monomers. To achieve this goal,
several objectives based on traditional structure-property relationship studies were
targeted. First, difunctional and trifunctional acrylate-based monomers with selected
functionalities were synthesized via RHMA chemistry. Second, polymerizations were
performed to give homopolymers of the synthesized monomers and their copolymers
with other monomers. Third, characterization of these materials was done in order to
analyze the effects of tailored functionalities on monomer and polymer properties. The
structure-property correlations of monomers and polymers were evaluated for their
potential application areas such as in-situ plasticizers in polymers. Evaluation of these
correlations led an understanding of the effects of differences in structure of the
monomers on polymerization behavior and final (co)polymer properties, particularly
glass transition temperature.
Chapter III
A new α-(hydroxymethyl)acrylate, 2-ethylhexyl α-(hydroxymethyl)acrylate, was
synthesized by one-pot reaction of commercially available 2-ethylhexyl acrylate with
paraformaldehyde.Homopolymers of this new monomer and its copolymers with styrene
were synthesized to investigate the reactivity ratios and physical properties of the
copolymers.
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Chapter IV
The goal of the study explained in this chapter was to explore derivatives of a
bio-based material, α-amino-ε-caprolactam, as precursors for industrially important novel
polymers. For this purpose, acrylamide, methacrylamide, diallyl, and diacrylate
derivatives of α-amino-ε-caprolactam were synthesized. Free-radical polymerizations of
these novel monomers resulted in high molecular weight, soluble (cyclo)polymers which
showed unusually high glass transition temperatures along with unique secondary thermal
transitions.
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CHAPTER II
POLY(METHYL METHACRYLATE) COPOLYMERS CONTAINING MULTIPLE,
PENDENT PLASTICIZING GROUPS
Abstract
New ether dimer; (ED-Od) and (ED-Eh) and diester; (ODE) and (EHDE)
derivatives of α-(hydroxymethyl)acrylate, each having two octadecyl and 2-ethylhexyl
side chains respectively, and an amine-linked di(2-ethylhexyl)acrylate (AL-Eh), having
three 2-ethylhexyl side chains, were synthesized and (co)polymerized to evaluate the
effects of differences in the structures of the monomers on final (co)polymer properties,
particularly glass transition temperature, Tg. The free radical polymerizations of these
monomers yielded high molecular weight polymers. Cyclopolymer formation of ED-Od,
ED-Eh and AL-Eh was confirmed by 13C NMR analysis and the cyclization efficiencies
were found to be very high (~100%). Copolymers of ED-Od, ODE, ED-Eh, EHDE, and
AL-Eh with methyl methacrylate (MMA) showed significant Tg decreases over PMMA
due to octadecyl and 2-ethylhexyl side groups causing ‘internal’ plasticization.
Comparison of the Tg’s of the copolymers of octadecyl methacrylate, ED-Od, ODE and
2-ethylhexyl methacrylate, ED-Eh, EHDE, and AL-Eh with MMA revealed that the
impacts of these monomers on depression of Tg’s are identical with respect to total
concentration of the pendent groups. That is, the magnitude of decrease in Tg’s was
quantitatively related to the number of the octadecyl and 2-ethylhexyl pendent groups in
the copolymers rather than their placement on the same or randomly incorporated repeat
units.
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Introduction
Understanding and controlling polymer function and final properties require
correlation between structure and properties of polymers. Because monomers are the
building blocks of macromolecules, modification of their structures has a direct effect on
both polymerization and macroscopic properties of polymers. One method of molecular
modification involves incorporation of functional groups pendent to the backbone which
causes changes in overall composition and final properties, such as glass transition
temperature, Tg. As a simple example, if one compares the Tg’s of poly(methyl
methacrylate) and poly(methyl acrylate), attaching a single methyl group to the α-carbon
of each repeat unit decreases segmental motion significantly and causes a ca. 100 °C
increase in glass transition temperature.1
Tg is a unique and distinctive property of polymers. Ways of controlling Tg have
been studied extensively for both theoretical and technological reasons. Tg can be
lowered by adding low molecular weight compounds to the polymer (plasticizers) or by
attachment of flexible pendent groups to the polymer backbone. In the first method, the
low molecular weight compounds act as ‘external’ plasticizers that dissolve in the
polymer matrix and increase free volume.2-4 Such compounds include phthalates,
adipates, phosphates, trimellitates, citrates with two or more linear or branched alkyl
groups, and their low molecular weight polymeric analogs. The latter method involves
covalent bonding of flexible pendent groups to the polymer chain.5-8 These flexible
groups increase the distance between local polymer chains and hence lead to ‘internal’
plasticization of the main chain. Moreover, as pendent groups are chemically bonded to
the backbone, they can’t be lost by leaching as can low molecular weight additives.
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It has been reported for polymers of n-alkyl acrylates and n-alkyl methacrylates
that, as the chain length of the pendent group increases, the Tg decreases.1 For poly(nalkyl acrylates) which have a more flexible backbone, increasing chain lengths from the
methyl ester reach a minimum Tg at the octyl ester. In contrast, the decyl ester of stiffer
poly(n-alkyl methacrylates) shows a minimum Tg in this series. A similar trend in
depression of Tg was observed for poly(di-n-alkyl itaconates) which are the diester
analogs of poly(n-alkyl methacrylates). It has been found that Tg’s of the poly(di-n-alkyl
itaconates) decrease with increasing chain length of the two alkyl pendent groups from
dimethyl to diheptyl where the minimum value was observed.9–11 Also, copolymerization
of dimethyl and dibutyl derivatives of itaconate esters with methyl methacrylate revealed
a decrease in Tg of the copolymers with increasing molar amounts of itaconate ester
comonomers in the copolymers.12
In this study, we describe the synthesis and free radical (co)polymerization of new
ether dimer and diester derivatives of octadecyl and 2-ethylhexyl α-(hydroxymethyl)
acrylate, and a new amine-linked diacrylate. The ether dimer derivatives of α(hydroxymethyl) acrylate was designed to have two octadecyl and two 2-ethylhexyl side
chains, respectively, attached to neighboring segments in the repeat unit structure
whereas the diester derivatives was designed to have identical octadecyl and 2-ethylhexyl
side chains, respectively, attached to the same backbone carbon. The amine-linked
diacrylate, however, incorporates three 2-ethylhexyl side chains in the same repeat unit
structure. By evaluating polymer synthesis and structure-property relationships for
copolymers of these monomers with methyl methacrylate, the effects of differences in the
structures of the monomers on polymerization behavior and final (co)polymer properties,
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particularly glass transition temperature, were determined. An additional goal of this
work was to look for synergistic effects of combined octadecyl and 2-ethylhexyl
functionalities on glass transition temperature. That is, would two or more linear or
branched alkyl groups located within the same repeat unit have a greater effect on
changes in glass transition than an equal number of randomly incorporated groups? For
comparison, octadecyl methacrylate and 2-ethylhexyl methacrylate were chosen as the
monofunctional monomers and they were also copolymerized with methyl methacrylate.
Experimental
Materials
2-Ethylhexyl acrylate (EHA) (99%) and 2-ethylhexylamine were purchased from
Acros and used without further purification. Paraformaldehyde (PFA), n-Octadecyl
acrylate (ODA) (97%), 1,4-diazabicyclo[2.2.2]octane (DABCO), 2-ethylhexanoic acid
and t-butyl alcohol were purchased from Aldrich Chemical Co. and used as obtained. 2Ethylhexyl methacrylate (EtHMA) (Aldrich, 98%) and methyl methacrylate (MMA)
(Acros, 99%) were purified by distillation under reduced pressure. n-Octadecyl
methacrylate (ODMA) (Scientific Polymer Products Inc., 95%) was purified by
dissolution in hexane and extraction four times with 5% aqueous NaOH; after separating
the organic phase, the solution was passed through neutral alumina and solvent was
removed under reduced pressure. α-Chloromethylacryloyl chloride (CMAC) was
prepared using a literature procedure.13 2,2-Azobis(isobutyronitrile) (AIBN) was
recrystallized from methanol twice before use. Other reagents and solvents were used as
obtained.
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Measurements
Solution 1H and 13C NMR spectra were obtained on a Varian Gemini 300
spectrometer with standard acquisition parameters using CDCl3 as solvent. 13C NMR
spectra of homopolymers and copolymers were obtained to determine compositions of all
copolymers using a UNITYInova 500 spectrometer with CDCl3 as solvent. Thermal
transitions were measured with a TA Instruments DSC 2920 thermal analyzer with
heating rates of 10 °C/min under nitrogen. Molecular weights and molecular weight
distributions of polymers were measured with a GPC system consisting of a
WatersAlliance 2695 separations module, an online multiangle laser light scattering
(MALLS) detector (MiniDAWN, Wyatt Technology Inc.), an interferometric
refractometer (Optilab rEX, Wyatt Technology Inc.), and an online differential
viscometer (ViscoStar, Wyatt Technology, Inc.) using THF as solvent (6–7 mg/mL) at 35
°C and a flow rate of 1 mL/min. Elemental analyses were performed by Quantitative
Technologies, Inc.
Analysis of Copolymer Compositions
Gated proton-decoupled 13C NMR integration was utilized to analyze the
copolymer compositions. To maximize signal-to-noise, samples were prepared in as high
concentrations as possible (~25 wt-%) while still allowing flow. T1 measurements were
done for each set of copolymers to determine the optimum delay in acquisition time. It
was calculated and set to 14 s, which allowed sufficient time for all nuclei to relax
between scans. The peaks selected for integration are discussed in the following section.
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Synthesis of Monomers
Octadecyl ester ether dimer (ED-Od, 1). To a three necked round-bottomed flask were
added ODA (32.5 g, 0.1 mol), PFA (2.99 g, 0.1 mol), DABCO (3.0 g, 4.5 wt-%), and tbutyl alcohol (27.3 g, 40 wt-%). The mixture was stirred at 80 °C for 7 days. The
resulting solution was poured into 800 mL of methanol and stirred for 5 hours. The white
precipitate was filtered and dried in vacuo to give pure 1 in 50% yield; mp: 63 ºC.
1

H NMR (300 MHz, CDCl3) δ (ppm) = 6.30 (s, 2H), 5.89 (s, 2H), 4.25 (s, 4H),

4.15 (t, 4H), 1.66 (m, 4H), 1.25 (m, 60H), and 0.87 (t, 6H). 13C NMR (75 MHz, CDCl3) δ
(ppm) = 165.8, 137.2, 125.5, 68.9, 64.9, 31.9, 29.7, 29.4, 29.2, 28.6, 25.9, 22.7 and 14.1.
Anal. Calcd for C44H82O5: C, 76.47%; H, 11.96%. Found: C, 76.70%; H, 12.08%.
Octadecyl diester (ODE, 2). To 70 mL of dry tetrahydrofuran (THF) were added
octadecyl alcohol (14.75 g, 54.53 mmol) and triethylamine (TEA, 5.52 g, 54.53 mmol).
To this stirring mixture CMAC (7.57 g, 54.53 mmol) was added dropwise while the
reacting mixture was cooled in an icebath. The mixture was stirred at a temperature
below 10 °C for 12 h before diluting with 350 mL of CH2Cl2 and extracting with three
150 mL aliquots of water. The organic layer was separated, dried with sodium sulfate,
and evaporated under reduced pressure to give octadecyl α-chloromethylacrylate
(OCMA) as a yellow solid; yield 70%. The second step involved reaction of this
intermediate (used without further purification) with octadecanoic acid. Octadecanoic
acid (26.71 g, 93.9 mmol) and KOH (5.27 g, 93.9 mmol) were mixed in 280 mL of THF
for 1.5 h at ambient temperature followed by the addition of OCMA. The mixture was
stirred for 24 h. The final reaction mixture was filtered and the solvent was evaporated
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under reduced pressure. The crude solid product was stirred with 800 mL of methanol for
2 h, then filtered and dried in vacuo to give pure 2 in 45% yield; mp: 53 ºC.
1

H NMR (300 MHz, CDCl3) δ (ppm) = 6.36 (s, 1H), 5.82 (s, 1H), 4.82 (s, 2H),

4.18 (t, 2H), 2.35 (t, 2H), 1.66 (m, 4H), 1.26 (m, 58H), and 0.88 (t, 6H).
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C NMR (75

MHz, CDCl3) δ (ppm) = 172.9, 165.0, 135.6, 126.7, 64.9, 62.1, 34.1, 31.9, 29.6, 29.5,
29.4, 29.3, 29.2, 29.1, 28.5, 25.9, 24.8, 22.6 and 14.0. Anal. Calcd for C40H76O4: C,
77.36%; H, 12.33%. Found: C, 76.87%; H, 12.03%.
2-Ethylhexyl α-(hydroxymethyl)acrylate (EHHMA, 3) and 2-Ethylhexyl ester ether
dimer (ED-Eh, 4). Procedures for the synthesis of α-(hydroxymethyl)acrylates and their
ether dimers have been published previously.14,15 2-Ethylhexyl acrylate was used in this
procedure with good results by addition of t-butyl alcohol to the reaction mixtures. To a
three necked round-bottomed flask were added EHA (184.1 g, 1.0 mol), PFA (29.9 g, 1.0
mol), DABCO (12 g, 4.8 wt-%), and t-butyl alcohol (25 g, 9.9 wt-%). The solution was
stirred at 90 ºC for 6 days. After adding 300 mL of diethyl ether, the mixture was washed
three times with 100 mL of 3% HCl, and then two times with 100 mL of water. The
organic layer was separated and evaporated under reduced pressure to give the mixture of
EHHMA (3) and its ether dimer (ED-Eh) (4). Pure 3 and 4 were then isolated by column
chromatography using ethyl acetate and hexane as solvents (EtAc:Hexane = 2:98).
Monomer 3 was purified further by vacuum distillation. Yields of EHHMA were usually
in the range of 30-40%, while those of the ether could be increased up to ca. 70-75% by
prolonged heating of the reaction mixture.
1

H NMR (300 MHz, CDCl3) of 3: δ (ppm) = 6.25 (s, 1H), 5.87 (s, 1H), 4.32 (d,

2H), 4.09 (d, 2H), 3.85 (t, 1H), 1.64 (m, 1H), 1.32 (m, 8H), 0.91 (t, 6H). 13C NMR (75
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MHz, CDCl3) of 3: δ (ppm) = 166.0, 139.6, 124.3, 66.7, 61.1, 38.4, 30.1, 28.5, 23.5, 22.6,
13.6, and 10.6. 1H NMR (300 MHz, CDCl3) of 4: δ (ppm) = 6.31 (s, 2H), 5.90 (s, 2H),
4.27 (s, 4H), 4.10 (d, 4H), 1.63 (m, 2H), 1.31 (m, 16H), and 0.90 (t, 12H). 13C NMR (75
MHz, CDCl3) of 4: δ (ppm) = 165.7, 137.2, 125.3, 68.8, 66.9, 38.7, 30.4, 28.8, 23.8, 22.9,
13.9, and 10.9. Anal. Calcd for C24H42O5: C, 70.21%; H, 10.31%. Found: C, 69.93%; H,
10.34%.
2-Ethylhexyl α-(chloromethyl)acrylate (EHCMA, 5). A three-necked round-bottomed
flask equipped with an addition funnel and magnetic stirrer was charged with 3 (21.4 g,
0.1 mol). Thionyl chloride (14.3 g, 0.12 mol) was added dropwise to the solution in an
ice bath with N2 purge, which was continued during addition. On completion of thionyl
chloride addition, the mixture was heated to 65 °C and stirred for 2 h. Vacuum distillation
of the final mixture gave pure 5 as a clear liquid in ca. 85% yield.
1

H NMR (300 MHz, CDCl3) δ (ppm) = 6.36 (s, 1H), 5.95 (s, 1H), 4.28 (s, 2H),

4.11 (d, 2H), 1.63 (m, 1H), 1.30 (m, 8H), 0.90 (t, 6H).
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C NMR (75 MHz, CDCl3) δ

(ppm) = 164.9, 137.0, 128.2, 67.4, 42.4, 38.7, 30.4, 28.8, 23.8, 22.8, 13.9, and 10.9.
2-Ethylhexyl diester (EHDE, 6). 2-Ethylhexanoic acid (12.39 g, 85.9 mmol) and KOH
(4.82 g, 85.9 mmol) were mixed in 250 mL of THF for 1.5 h at ambient temperature
followed by the addition of 5 (8 g, 34.4 mmol). The mixture was stirred for 24 h. THF
was evaporated under reduced pressure and 250 mL of CH2Cl2 was added to the
remaining mixture, which was then washed with water (100 mL) and saturated NaCl
solution (2 x 100 mL). The organic phase was separated and evaporated under reduced
pressure. Vacuum distillation of the final mixture gave pure 6 as a clear liquid in ca. 55%
yield.
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1

H NMR (300 MHz, CDCl3) δ (ppm) = 6.26 (s, 1H), 5.75 (s, 1H), 4.74 (s, 2H),

4.01 (d, 2H), 2.23 (p, 1H), 1.52 (m, 1H), 1.22 (m, 16H), 0.8 (t, 12h).
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C NMR (75 MHz,

CDCl3) δ (ppm) = 175.4, 165.1, 135.6, 126.8, 67.0, 61.8, 47.0, 38.6, 31.5, 30.3, 29.4,
28.7, 25.2, 23.6, 22.7, 22.4, 13.8, 13.7, 11.6 and 10.8. Anal. Calcd for C20H36O4: C,
70.55%; H, 10.66%. Found: C, 70.03%; H, 10.53%.
Amine-linked di(2-ethylhexyl)acrylate (AL-Eh, 7). To a mixture of 2-ethylhexylamine
(8.18 g, 63.2 mmol) and K2CO3 (19.23 g, 139 mmol) in THF (150 mL) and DMF (50
mL) in an ice bath, 5 (44.17 g, 189.7 mmol) was added dropwise. The reaction mixture
was stirred in the ice bath for 30 min, then the mixture was allowed to warm up to room
temperature and stirred at 80 °C for 40 h. Insoluble salt was filtered and 500 mL of
CH2Cl2 was added to the remaining mixture. After extraction with water (3x150 mL), the
organic phase was separated and evaporated under reduced pressure. Pure 7 was isolated
as a yellow, viscous liquid after successive precipitations into methanol; yield 16.8 g,
51%.
1

H NMR (300 MHz, CDCl3) δ (ppm) = 6.23 (s, 2H), 5.87 (s, 2H), 4.08 (d, 4H),

3.25 (s, 4H), 2.27 (d, 2H), 1.63 (m, 3H), 1.31 (m, 24H), and 0.90 (t, 18H). 13C NMR (75
MHz, CDCl3) δ (ppm) = 166.9, 138.4, 125.7, 66.8, 58.5, 55.1, 38.6, 37.0, 30.9, 30.4,
28.8, 28.6, 24.1, 23.8, 23.1, 22.8, 14.0, 13.9, 10.9 and 10.5. Anal. Calcd for C32H59NO4:
C, 73.65%; H, 11.40%; N, 2.68%. Found: C, 73.10%; H, 11.31%; N, 2.72%.
Synthesis of Polymers
Poly(methyl methacrylate). Homopolymerization of MMA was performed with 0.2
mol-% AIBN as a 2 M solution in toluene at 80 °C for 4 h. The polymerization was
carried out in a sealed tube after three freeze/evacuate/thaw cycles followed by a N2
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purge. Polymer was precipitated into methanol. The filtered product was reprecipitated
twice from chloroform into methanol, then filtered and dried in vacuo; yield 2.9 g, 58%.
Poly(octadecyl methacrylate). ODMA (3 g, 8.86 mmol) was homopolymerized with
AIBN (7.2 mg, 0.5 mol-%) as a 24 wt-% solution in toluene in a polymerization tube.
The solution was subjected to nitrogen deaeration for 20 min followed by N2 purge and
then put into an oil bath preheated to 80 °C and held there for 6 h. Polymer was
precipitated into methanol, then reprecipitated three times from chloroform into
methanol, and dried in vacuo; yield 1.8 g, 60%.
Poly(octadecyl ester ether dimer) (Poly[ED-Od]). ED-Od was first polymerized in
bulk by putting ether dimer into a polymerization tube sealed with a rubber septum. The
tube was then immersed into a preheated oil bath after 20 min of nitrogen purge which
was continued during polymerization. For solution polymerization of ED-Od, monomer 1
(1 g, 1.44 mmol), toluene (3.1 g), and AIBN (1 mol-%), were added to a polymerization
tube equipped with a small magnetic stirbar. The solution was subjected to nitrogen
deaeration for 20 min (which was continued during the polymerization) and then put into
an oil bath preheated to the temperature indicated in Table 1. The resulting polymer
solution was poured into acetone. The precipitate was filtered and washed with acetone
and then dried in vacuo. The polymer obtained was dissolved in chloroform and
reprecipitated into acetone.
Poly(octadecyl diester) (Poly[ODE]). Monomer 2 (3 g, 4.8 mmol) was
homopolymerized with AIBN (3.9 mg, 0.5 mol-%) as a 0.8 M solution in toluene at 80
°C for 6 h in a sealed tube after 20 min of nitrogen deaeration followed by a nitrogen
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purge. Polymer was isolated by precipitation into acetone and then reprecipitated twice
from chloroform into acetone; yield 1.84 g, 62%.
Poly(2-ethylhexyl ester ether dimer) (Poly[ED-Eh]). ED-Eh was first polymerized in
bulk by putting ether dimer into a polymerization tube sealed with a rubber septum. The
tube was immersed into a preheated oil bath after 20 min of nitrogen purge which was
continued during polymerization. For solution polymerization of ED-Eh, monomer 4 (3
g, 7.3 mmol), toluene (7.8 g), and AIBN (0.5 mol-%), were added to a polymerization
tube equipped with a small magnetic stirbar. The solution was subjected to three
freeze/evacuate/thaw cycles followed by a nitrogen purge and then put into an oil bath
preheated to 80 °C. After 3 h, the resulting polymer solution was poured into cold
acetone. The precipitate was filtered and washed with acetone, then dried in vacuo. The
polymer obtained was dissolved in chloroform and reprecipitated into cold acetone; yield
1.2 g, 40%.
Poly(2-ethylhexyl diester) (Poly[EHDE]). Monomer 6 (1 g, 2.9 mmol) was
homopolymerized with AIBN (4.8 mg, 1 mol-%) in bulk at 60 °C for 22 h in a sealed
tube after three freeze/evacuate/thaw cycles followed by a nitrogen purge. Polymer was
isolated by reprecipitation from chloroform into cold acetone; yield 0.9 g, 90%.
Poly(amine-linked di(2-ethylhexyl)acrylate) (Poly[AL-Eh]). Monomer 7 (1 g, 1.9
mmol) was homopolymerized with AIBN (3.1 mg, 1 mol-%) in bulk at 60 °C for 24 h in
a sealed tube after three freeze/evacuate/thaw cycles followed by a nitrogen purge.
Polymer was isolated by three precipitations from chloroform into methanol; yield 0.3 g,
30%.
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Copolymer Syntheses
MMA-ODMA, MMA-ED-Od, MMA-ODE, MMA-EtHMA, MMA-EHDE,
MMA-ED-Eh and MMA-AL-Eh copolymers were obtained from 2 M toluene solution
with 0.2 mol-% AIBN. All polymerizations were held at 80 °C for 4 h after the sealed
reaction tubes were subjected to three freeze/evacuate/thaw cycles followed by nitrogen
purge. All polymers were precipitated into methanol and reprecipitated at least twice
from chloroform into hexane. All samples were dried in vacuum overnight.
Results and Discussion
Synthesis of Monomers ED-Od (1) and ODE (2)
The one-pot synthesis of monomer 1 shown in Figure 2.1a involved the reaction
of octadecyl acrylate with paraformaldehyde in the presence of DABCO and t-butyl
alcohol. The intermediate α-hydroxymethylacrylate is converted directly to the ether
dimer as confirmed by the unique ether dimer peak at ~69 ppm which is shown in the 13C
NMR spectrum of ED-Od in Figure 2.2. The conversion of octadecyl acrylate to ether
dimer is comparable to the conversions of various ether dimers synthesized
previously.16,17 The purity of the ether dimer was >98% based on the results of 1H NMR
and elemental analysis.

Figure 2.1. Synthesis of (a) ED-Od (1) and (b) ODE (2).
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Figure 2.2. 13C NMR of ED-Od (1) (top) and poly(ED-Od) (bottom).
As previously described for allyl monomers, chemical shifts of vinyl carbons are
considered to correlate with their reactivity.18 That is, electron-withdrawing substituents
that enhance radical polymerizability cause a decrease in chemical shift difference
between the two vinyl carbon peaks. The chemical shift difference, ∆δ, of ED-Od is the
same as the ∆δ values previously obtained for ethyl, n-butyl and isobutyl substituted ether
dimers.16,19 ED-Od was therefore expected to readily undergo radical polymerization. The
key question remaining involved cyclopolymerization efficiency which will be discussed
below.20
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Monomer 2 was synthesized from intermediate CMAC via a two-step process
shown in Figure 2.1b. Utilizing different reactivities of acid and alkyl chloride moieties,
CMAC was reacted first with octadecyl alcohol below 10 °C in the presence of TEA as
acid scavenger and catalyst to give the ester intermediate, octadecyl αchloromethylacrylate or OCMA. Its 13C NMR spectrum clearly shows formation of only
the new ester group by the presence of the carbon attached to the ester oxygen at 65.3
ppm plus the retention of the methylene carbon at 42.5 ppm for the CH2Cl group. The
second step involved substitution of this chlorine (without further purification) by the
potassium salt of CH3(CH2)16COOH. The 13C NMR spectrum of the product (see Figure
2.3) confirms loss of the methylene carbon at 42.5 ppm (CH2Cl) and appearance of the
second ester peak at 62.1 ppm confirming the structure shown. The purity of ODE was
~95% based on the results of 1H NMR, 13C NMR and elemental analysis. For
comparison, the 13C NMR spectra of CMAC, the diester monomer and its homopolymer
are shown in Figure 2.3.
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Figure 2.3. 13C NMR of CMAC (bottom), ODE (2) (middle) and poly(ODE) (top).
Synthesis of Monomers ED-Eh (4), EHDE (6) and AL-Eh (7)
The synthetic routes and structures of the monomers are shown in Figure 2.4. The
one-pot synthesis of ED-Eh (4) involved the reaction of 2-ethylhexyl acrylate with
paraformaldehyde in the presence of DABCO and t-butyl alcohol. The conversion of the
intermediate α-(hydroxymethyl)acrylate to the ether dimer was confirmed by the unique
ether dimer peak at ~69 ppm which is shown in the 13C NMR spectrum of ED-Eh in
Figure 2.5. The conversion of 2-ethylhexyl acrylate to ether dimer is comparable with the
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conversions of various ether dimers synthesized previously.16,17 The purity of the ether
dimer was >98% based on the results of 1H NMR, 13C NMR and elemental analysis.

Figure 2.4. Synthesis of ED-Eh (4), EHDE (6), and AL-EH (7).
EHDE (6) was synthesized via a one-step process from intermediate EHCMA (5)
which was obtained in high yield by the reaction of EHHMA (1) with thionyl chloride.
The synthesis of 6 from EHCMA involved the substitution of the chlorine atom of
EHCMA by the potassium salt of 2-ethylhexanoic acid. The 13C NMR spectrum of the
product (see Figure 2.6) confirms loss of the methylene carbon (CH2Cl) at 42.4 ppm and
appearance of the second ester peak at 61.8 ppm confirming the structure shown. The
purity of EHDE was ~99% based on the results of 1H NMR, 13C NMR and elemental
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analysis. For comparison, the 13C NMR spectra of EHCMA, the diester monomer and its
homopolymer are shown in Figure 2.6.

Figure 2.5. 13C NMR of ED-Eh (4) (bottom) and poly(ED-Eh) (top).
AL-Eh (7) was synthesized by the reaction of 2-ethylhexylamine with EHCMA.
The EHCMA-to-amine ratio was increased up to 3 to prevent possible secondary amine
(monoadduct) formation, which wasn’t observed at this reactant ratio. Longer reaction
times at the reaction temperature resulted in higher yields, probably due to the steric
inhibition of 2-ethylhexyl groups that slow down the reaction. Monomer 7 was also
obtained with high purity (~99%) based on the results of 1H NMR, 13C NMR and
elemental analysis. 13C NMR spectra of AL-Eh and its homopolymer are shown in Figure
2.7 along with the peak assignments.
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Figure 2.6. 13C NMR of EHCMA (bottom), EHDE (6) (middle), and poly(EHDE) (top).

Figure 2.7. 13C NMR of AL-Eh (7) (bottom) and poly(AL-Eh) (top).
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Free Radical Polymerizations
All homo- and copolymers were synthesized free radically using AIBN as
initiator. Structures of all polymers were confirmed by solution NMR spectroscopy. EDOd was homopolymerized both in bulk and in solution. Bulk polymerization of ED-Od
was done at higher temperature, 95 °C, without initiator and this resulted in lightly
crosslinked polymer which swelled in chloroform but did not dissolve. Crosslinking can
be attributed to the increased intermolecular monomer addition with increasing monomer
concentrations. This pathway competes more effectively at higher monomer
concentrations over intramolecular cyclization and results in residual pendent-group
unsaturation along the polymer backbone that leads to crosslinking. Moreover, it’s well
known that sterically larger terminal ester groups, such as t-butyl and adamantyl, favor
intramolecular cyclization and increase cyclization efficiency.19 In fact, it was previously
observed that bulk polymerizations of t-butyl and adamantyl ether dimers gave soluble,
high molecular weight polymers even in bulk polymerization.16 Thus, the ‘effective’
bulkiness of octadecyl substituent is lower compared to the ‘effective’ bulkiness of tbutyl and adamantyl substituents such that the intramolecular cyclization is not as favored
by the available conformations needed for cyclization.16 Solution polymerizations of EDOd, the results of which are summarized in Table 2.1, resulted in soluble and high
molecular weight cyclopolymers with reasonable conversions.
The cyclopolymer formation of ED-Od was confirmed by 13C NMR analysis with
disappearance of vinyl carbons at 125.5–137.2 ppm, and formation of backbone carbon
peaks at around 45 ppm as shown in Figure 2.2. According to the 1H NMR spectra of
polymers of ED-Od obtained from run 1 and run 2, double-bond protons were not
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observed which indicates very high cyclization efficiency (~100%) calculated from the
intensity ratio of residual double-bond protons (5.6–6.5 ppm) to the other protons (0.5–
5.0 ppm) in the proton spectrum. However, polymerization run 3, which was done
without AIBN at 95 °C, showed unsaturated-pendent double bonds which indicate lower
cyclization efficiency compared to runs 1 and 2. The obtained polymers were soluble in
common organic solvents such as chloroform, methylene chloride, and THF. The reason
for obtaining soluble polymers with solution polymerization may be due to a more
favored intramolecular cyclization reaction at lower monomer concentrations that limits
pendent unsaturation and crosslinking. In fact, unsaturated vinyl groups were not
observed at all in the double bond proton region of the 1H NMR spectra of cyclopolymers
synthesized at 80 °C using AIBN as initiator. Due to side chain crystallization behavior
of long alkyl groups, the DSC analysis of cyclopolymers of ED-Od showed a
crystallization peak and corresponding melting peak, Tm, at 40 °C.
Table 2.1
Solution Polymerization Results for ED-Od

Run
1
2
3a
a
b
c

T
(°C)
80
80
95

Time
(h)
4
14
18

Recov.
(%)b
45
55
40

Mn
(x104)
4.5
4.6
17.5

Mw
(x104)
7.3
8.8
20.5

PDIc
1.6
1.9
1.2

Run 3 was done without AIBN.
Amount of polymer recovered after reprecipitations.
Polydispersity index = Mw/Mn.

Poly(ODE) was obtained with a Mn of 23 000, Mw of 32 000, and peak maximum
at 26 000. Again, polymerization was confirmed by the disappearance of vinyl protons
and carbons at 5.8–6.4 and 126.7–135.6 ppm, respectively, and appearance of backbone
methylene hydrogen and carbon peaks at 2.3 and 47.6 ppm in the 1H and 13C NMR
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spectra. Thermal analysis of poly(ODE) revealed a crystallization peak and
corresponding melting peak at 46 °C which is higher than the Tm observed for both
poly(ODMA) (Tm= 35 °C) and poly(ED-Od).
ED-Eh was homopolymerized both in bulk and in solution. Bulk polymerizations
of ED-Eh were done at 60 °C with and without initiator. All bulk polymerizations of EDEh resulted in insoluble crosslinked polymers which only swelled in chloroform. Again,
crosslinking can be attributed to the increased intermolecular monomer addition with
increasing monomer concentration leading to crosslinking. On the other hand, solution
polymerization of ED-Eh resulted in soluble and high molecular weight (Mn=234,400 and
Mw=451,000) cyclopolymers with reasonable conversion. The obtained cyclopolymers
were soluble in common organic solvents such as methylene chloride, chloroform,
toluene, and THF.
The cyclopolymer formation of ED-Eh was confirmed by 13C NMR analysis with
disappearance of vinyl carbons at 125.3 – 137.2 ppm, and formation of backbone carbon
peaks at around 44 ppm as shown in Figure 2.5. According to the 1H NMR spectra (see
Figure 2.8a) of polymers of ED-Eh obtained at 80 °C in solution, double-bond protons
were not observed which indicates very high cyclization efficiency (~100%). The reason
for obtaining soluble polymers with solution polymerization may be due to a more
favored intramolecular cyclization reaction at lower monomer concentrations that limits
pendent unsaturation and crosslinking. In fact, unsaturated vinyl groups were not
observed at all in the double bond proton region of the 1H NMR spectra of cyclopolymers
synthesized at 80 °C using AIBN as initiator. DSC analysis of cyclopolymers of ED-Eh
did not show a measurable glass transition between -90 °C and 150 °C at different
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heating/cooling rates. The difference in heat flow was very broad from -90 °C to 20 °C
and became constant up to 150 °C.

Figure 2.8. 1H NMR spectra of poly(ED-Eh) (a), ED-Eh (4) (b), poly(AL-Eh) (c), and
AL-Eh (7) (d).
Poly(EHDE) was obtained from bulk polymerization with a Mn of 9.4x105 and
Mw of 1.2x106. Polymerization was confirmed by the disappearance of vinyl protons and
carbons at 5.75–6.26 and 126.8–135.6 ppm, respectively, and appearance of backbone
methylene hydrogen and carbon peaks at 2.4 and 45.3 ppm in the 1H (not shown here)
and 13C NMR spectra (Figure 2.6). Again, DSC analysis of poly(EHDE) did not show a
measurable glass transition between -90 °C and 150 °C at different heating/cooling rates.
A broad difference in heat flow was observed between -90 °C and 10 °C and then it
became constant up to 150 °C.
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Bulk polymerization of AL-Eh (with three 2-ethylhexyl substituents) resulted in a
cyclopolymer with a Mn of 136,000 and Mw of 199,000. The polymer was soluble in
organic solvents such as THF, chloroform, methylene chloride and toluene. Cyclization
efficiency for the formation of poly(AL-Eh) cyclopolymer was ~100% according to 1H
NMR spectrum where double bond protons were not observed (Figure 2.8c). As
mentioned above, bulk polymerization of ED-Eh, which has two 2-ethylhexyl
substituents, resulted in insoluble crosslinked polymers due to increased intermolecular
monomer addition with increasing monomer concentrations. It seems that adding one
more 2-ethylhexyl substituent to the bis-methacrylate structure limits intermolecular
monomer addition reaction significantly or favors available conformations needed for
intramolecular cyclization more which in turn leads to soluble, high molecular weight
cyclopolymer even in bulk polymerization. DSC analysis of poly(AL-Eh) did not show a
measurable glass transition temperature similar to what was observed for poly(ED-Eh)
and poly(EHDE).
Poly(MMA-co-ODMA), poly(MMA-co-ED-Od), and poly(MMA-co-ODE)
copolymers with 1– 4 mol-% ODMA, ED-Od, and ODE in the feed, respectively, and
poly(MMA-co-EtHMA), poly(MMA-co-ED-Eh), poly(MMA-co-EHDE), and
poly(MMA-co-AL-Eh) copolymers with 1 – 5 mol-% EtHMA, ED-Eh, EHDE, and ALEh in the feed, respectively, were synthesized in toluene and purified as described in the
Experimental section. 1H NMR spectra of all polymers in the seven series of copolymers
resulted in either weakly resolved or totally unresolved peaks belonging to comonomer
and MMA units. Therefore, compositions of all seven series of copolymers were
determined by the 13C gated-decoupled NMR method. Using this method, the peaks
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corresponding to the ester carbons of ODMA, ED-Od, ODE, EtHMA, ED-Eh, EHDE,
and AL-Eh units were integrated relative to backbone methylene and ester carbons of the
MMA unit. The ester carbon peaks of comonomers were strong and easy to differentiate
from the baseline owing to long acquisition times and the concentrated samples used for
the analysis. (Figures 2.9 – 2.13)

Figure 2.9. 13C NMR spectrum and its integrated carbon peaks (expanded region of the
spectrum between 40 and 68 ppm) of poly(MMA-co-ODE) (Feed 4).
Copolymers of ODMA and MMA with molecular weights between 33 000 and 40
000 (Mn) and polydispersities of 1.2–1.4 were obtained with 1.1–3.4 mol % ODMA in
the copolymer (Table 2.2). Copolymers of ODE and MMA resulted in molecular weights
between 26 000 and 46 000 (Mn) and polydispersities of 1.1–1.6 (Table 2.3). The
fractions of ODE in the copolymers were 0.7–2.5 mol % which was the lowest
incorporation among all three series of copolymers.
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Figure 2.10. 13C NMR spectrum and its integrated carbon peaks (expanded region of the
spectrum between 40 and 68 ppm) of poly(MMA-co-ED-Od) (Feed 3).
The poly(MMA-co-ED-Od) copolymers were obtained with polydispersities of
1.2–1.8 and molecular weights between 33 000 and 54 000 (Mn) which were higher than
that of the poly(MMA-co-ODMA) and poly(MMA-co-ODE) copolymers (Table 2.4).
Copolymers of EtHMA and MMA with molecular weights between 63,000 and
69,000 (Mn) and polydispersity of 1.2 were obtained with 0.8 – 4.2 mol-% EtHMA in the
copolymer (Table 2.5). Copolymers of EHDE and MMA resulted in molecular weights
between 64,000 and 70,000 (Mn) and polydispersity of 1.2 (Table 2.6). The fraction of
EHDE in the copolymers were 0.6 – 3.2 mol-% which was lower than the incorporation
of EtHMA in MMA copolymers.
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Table 2.2
Molecular Weight, Composition, and Thermal Properties of Poly(ODMA) and
Poly(MMA-co-ODMA)

Feed
mol
(%)
0
1
2
3
4
100

ODMA
Copolymer a
mol
wt
(%)
(%)
1.1
1.6
2.6
3.4

3.6
5.2
8.3
10.6

Recovery
(%) b
58
60
61
60
63
60

Mne
45.8
33.2
36.7
37.2
39.9
27.9

M we
68.4
49.1
48.9
48.4
46.5
53.5

Pmaxe
56.2
41.4
47.1
42.1
48.5
40.3

PDI c
1.5
1.4
1.3
1.3
1.2
1.9

Tg
(°C) d
127
118
112
107
101
N/A

a

Calculated by 13C NMR integration.
Amount of polymer recovered after reprecipitations.
c
Polydispersity index = Mw/Mn.
d
Reported as inflection point of the second DSC trace at a heating rate of 10 °C/min in N2.
e
Values x 103 g/mol.
b

Table 2.3
Molecular Weight, Composition, and Thermal Properties of Poly(ODE) and Poly(MMAco-ODE)

Feed
mol
(%)
0
1
2
3
4
100
a

ODE
Copolymer a
mol
wt
(%)
(%)
0.7
1.2
2.0
2.5

4.2
7.1
11.2
13.7

Recovery
(%) b
58
52
53
54
55
62

Mne
45.8
26.5
38.1
45.9
37.2
23.0

M we
68.4
29.7
52.7
55.3
59.6
32.1

Calculated by 13C NMR integration.
Amount of polymer recovered after reprecipitations.
c
Polydispersity index = Mw/Mn.
d
Reported as inflection point of the second DSC trace at a heating rate of 10 °C/min in N2.
e
Values x 103 g/mol.
b

Pmaxe
56.2
30.3
46.1
54.2
48.7
26.3

PDI c
1.5
1.1
1.4
1.2
1.6
1.4

Tg
(°C) d
127
116
108
99
93
N/A
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Table 2.4
Molecular Weight, Composition, and Thermal Properties of Poly(ED-Od) and
Poly(MMA-co-Ed-Od)

Feed
mol
(%)
0
1
2
3
4
100

ED-Od
Copolymer a
mol
wt
(%)
(%)
0.9
1.8
2.9
3.4

5.9
10.2
17.1
19.6

Recovery
(%) b
58
48
45
54
48
55

Mne
45.8
33.2
50.4
47.5
54.4
46.6

M we
68.4
61.6
60.2
64.7
69.8
88.8

Pmaxe
56.2
50.8
55.7
48.1
54.6
72.3

PDI c
1.5
1.8
1.2
1.4
1.3
1.9

Tg
(°C) d
127
112
97
91
84
N/A

a

Calculated by 13C NMR integration.
Amount of polymer recovered after reprecipitations.
c
Polydispersity index = Mw/Mn.
d
Reported as inflection point of the second DSC trace at a heating rate of 10 °C/min in N2.
e
Values x 103 g/mol.
b

Figure 2.11. 13C NMR spectrum and its integrated carbon peaks (expanded region of the
spectrum between 40 and 68 ppm) of poly(MMA-co-ED-Eh) (Feed 5).
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Figure 2.12. 13C NMR spectrum and its integrated carbon peaks (expanded region of the
spectrum between 40 and 68 ppm) of poly(MMA-co-EHDE) (Feed 3).

Figure 2.13. 13C NMR spectrum and its integrated carbon peaks (expanded region of the
spectrum between 40 and 68 ppm) of poly(MMA-co-AL-Eh) (Feed 5).
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Table 2.5
Molecular Weight, Composition, and Thermal Properties of Poly(MMA-co-EtHMA)
EtHMA
Copolymera
Feed (mol %)
0
1
2
3
4
5

(mol %)

(wt %)

0.8
1.8
2.5
3.6
4.2

1.6
3.5
4.8
6.9
8.0

Recovery (%)b
58
51
52
53
49
51

M nc
45.8
66.6
65.6
62.7
68.3
69.0

Mwc
68.4
81.5
78.5
75.9
80.9
83.2

PDId
1.5
1.2
1.2
1.2
1.2
1.2

Tg (°C)e
126
122
119
117
114
113

a

Calculated by 13C NMR integration.
Amount of polymer recovered after reprecipitations.
c
Values x 103 g/mol.
d
Polydispersity index = Mw/Mn.
e
Reported as inflection point of the second DSC trace at a heating rate of 10 °C/min in N2.
b

Table 2.6
Molecular Weight, Composition, and Thermal Properties of Poly(MMA-co-EHDE)
EHDE
Copolymera
Feed (mol %)
0
1
2
3
4
5

(mol %)

(wt %)

0.6
1.0
1.8
2.5
3.2

2.0
3.3
5.8
8.0
10.1

Recovery (%)b
58
49
47
51
51
47

M nc
45.8
63.2
66.4
69.4
64.3
66.6

Mwc
68.4
77.7
81.5
84.9
78.4
81.6

PDId
1.5
1.2
1.2
1.2
1.2
1.2

Tg (°C)e
126
122
119
115
112
107

a

Calculated by 13C NMR integration.
Amount of polymer recovered after reprecipitations.
c
Values x 103 g/mol.
d
Polydispersity index = Mw/Mn.
e
Reported as inflection point of the second DSC trace at a heating rate of 10 °C/min in N2.
b

The poly(MMA-co-ED-Eh) copolymers were obtained with molecular weights
between 54,000 and 70,000 (Mn) and with 0.9 – 5.4 mol-% ED-Eh in the copolymer
which were the highest among all four series of copolymers (Table 2.7).
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Table 2.7
Molecular Weight, Composition, and Thermal Properties of Poly(MMA-co-ED-Eh)
ED-Eh
Copolymera
Feed (mol %)
0
1
2
3
4
5

(mol %)

(wt %)

0.9
1.9
3.0
4.2
5.4

3.6
7.4
11.2
15.2
18.9

Recovery (%)b
58
51
56
52
55
54

M nc
45.8
69.3
70.5
76.8
75.9
89.9

Mwc
68.4
86.9
92.2
104.0
111.5
138.6

PDId
1.5
1.3
1.3
1.4
1.5
1.5

Tg (°C)e
126
121
115
111
106
101

a

Calculated by 13C NMR integration.
Amount of polymer recovered after reprecipitations.
c
Values x 103 g/mol.
d
Polydispersity index = Mw/Mn.
e
Reported as inflection point of the second DSC trace at a heating rate of 10 °C/min in N2.
b

Table 2.8
Molecular Weight, Composition, and Thermal Properties of Poly(MMA-co-AL-Eh)
AL-Eh
Copolymera
Feed (mol %)
0
2
3
4
5

(mol %)

(wt %)

0.7
1.3
1.9
2.1

3.5
6.4
9.2
10.1

Recovery (%)b
58
37
32
30
33

M nc
45.8
59.6
59.2
62.1
67.3

Mwc
68.4
70.3
68.4
72.1
78.2

PDId
1.5
1.2
1.2
1.2
1.2

Tg (°C)e
126
120
114
110
108

a

Calculated by 13C NMR integration.
Amount of polymer recovered after reprecipitations.
c
Values x 103 g/mol.
d
Polydispersity index = Mw/Mn.
e
Reported as inflection point of the second DSC trace at a heating rate of 10 °C/min in N2.
b

Copolymers of AL-Eh and MMA resulted in molecular weights between 60,000
and 67,000 (Mn) and polydispersity of 1.2 (Table 2.8). The fractions of AL-Eh in the
copolymers were 0.7 – 2.1 mol-% which was the lowest incorporation among all four
series of copolymers. The incorporation into the copolymer for 1 mol-% AL-Eh in the
feed could not be measured because the intensity of the ester carbon peak of AL-Eh unit
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in the 13C NMR spectrum was too low to be integrated accurately at that concentration
level.
Interpretation of Tg Trends of Copolymers
According to the 1H and 13C NMR spectra of the copolymers of ODMA, ODE,
ED-Od, EtHMA, EHDE, ED-Eh, and AL-EH with MMA, there were no residual
monomers which may cause ‘external’ plasticization. The molecular weights of all series
of copolymers were considered to be above the asymptotic value for glass transition
temperature. In addition, the tacticity of the MMA units in the copolymers remained the
same as in the homopolymer of MMA which was mostly syndiotactic and atactic. Thus,
neither variations in molecular weight nor polymer stereochemistry complicate
interpretation of Tg trends.
All the copolymers with both ODE and ED-Od had marked decreases in Tg
compared to the copolymers of ODMA and parent PMMA (Figure 2.14). The Tg’s
decreased linearly with increasing ODMA content (slope of 6.58 °C/mol). The linear
decrease in Tg per monomer unit of ODE (slope of 13.66 °C/mol) was almost two-fold
compared to copolymers with ODMA (note that these values were calculated from the
data obtained from copolymerizations of which comonomer contents were less than 4
mol-% in the feed). The two-fold difference between the magnitude of decrease in Tg’s
can be related to the number of octadecyl side groups in the ODE and ODMA units
causing ‘internal’ plasticization. In fact, the slope of the lines obtained from the plot of
total octadecyl content (mol-%) in copolymers versus Tg for ODE and ODMA (Figure
2.15) were almost equal which may prove that the impacts of these monomers on
depression of Tg’s are identical on the basis of pendent group content.
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Figure 2.14. Plot of Tg versus mol-% comonomer units in poly(MMA-co-ODMA),
poly(MMA-co-ODE), and poly(MMA-co-ED-Od).
On the other hand, the decrease in Tg with increasing ED-Od showed a non-linear
behavior (non-linear fitting of the data yields markedly higher correlation coefficient than
linear; 0.99 and 0.95, respectively) (Figure 2.14). The magnitude of decrease in Tg’s of
the copolymers with ED-Od are different below and above ~2.5 mol-% ED-Od monomer
content in the copolymers. If this nonlinearity of the decrease in Tg’s is assumed to be
real, one explanation of this behavior might involve the incorporation of rigid
tetrahydropyran cyclic groups, which resulted from the cyclopolymerization mechanism
of Ed-Od, to the polymer backbone. This group is a rigid cyclic structure which should
decrease main chain mobility and therefore cause an increase in Tg. Competing with this
effect is the decrease in Tg due to the plasticization effect caused by the pendent octadecyl
groups of Ed-Od. It’s possible that, up to a certain ED-Od monomer content, the effect of
rigid cyclic groups on Tg’s is less pronounced but becomes important with increasing Ed-
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Od content. Despite the effect of rigid cyclic groups, the overall magnitude of Tg
depression of ED-Od was almost the same as with ODE and was two-fold compared to
ODMA. (Figures 2.14 and 2.15)

Figure 2.15. Plot of Tg versus mol-% octadecyl content in poly(MMA-co-ODMA),
poly(MMA-co-ODE), and poly(MMA-co-ED-Od).
All the copolymers with EHDE, ED-Eh and AL-Eh had marked decreases in Tg
compared to the copolymers of EtHMA and parent PMMA (Figure 2.16). The Tg’s
decreased linearly with increasing EtHMA content (slope of 3.03 °C/mol). The linear
decrease in Tg per monomer unit of EHDE (slope of 5.71 °C/mol) was almost two-fold
compared to copolymers with EtHMA (note that these values were calculated from the
data obtained from copolymerizations of which comonomer contents were less than 5
mol-% in the feed). The two-fold difference between the magnitude of decrease in Tg’s
can be related to the number of 2-ethylhexyl side groups in the EHDE and EtHMA units
causing ‘internal’ plasticization. In fact, the slope of the lines obtained from the plot of
total 2-ethylhexyl content (mol-%) in copolymers versus Tg for EHDE and EtHMA were
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almost equal, which may prove that the impacts of these monomers on depression of Tg’s
are identical on the basis of total pendent group content (Figure 2.17). These results were
consistent with the results for decreases in Tg’s with incorporation of octadecyl side
group containing monomers.

Figure 2.16. Plot of Tg versus mol-% comonomer units in poly(MMA-co-EtHMA),
poly(MMA-co-EHDE), poly(MMA-co-ED-Eh), and poly(MMA-co-ED-AL-Eh).
The magnitude of decrease in Tg’s of the copolymers with ED-Eh (slope of 4.56
°C/mol) were lower than that of the copolymers with EHDE probably due to the
generation of rigid tetrahydropyran cyclic groups, which resulted from the
cyclopolymerization mechanism of ED-Eh. This group is a rigid cyclic structure which
should decrease main chain mobility and therefore causes an increase in Tg. Competing
with this effect is the decrease in Tg due to the plasticization effect caused by the pendent
2-ethylhexyl groups of ED-Eh. Despite the effect of rigid cyclic groups, the overall
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magnitude of Tg depression of ED-Eh was close to the magnitude of Tg depression of
EHDE (Figures 2.16 and 2.17), which is consistent with previous results on the impact of
octadecyl derivatives of ether dimer and diester monomers on glass transition
temperature.

Figure 2.17. Plot of Tg versus mol-% 2-ethylhexyl content in poly(MMA-co-EtHMA),
poly(MMA-co-EHDE), poly(MMA-co-ED-Eh), and poly(MMA-co-ED-AL-Eh).
The linear decrease in Tg per monomer unit of AL-Eh (slope of 8.53 °C/mol) was
almost three-fold compared to copolymers with EtHMA, and again can be related to the
number of 2-ethylhexyl side groups in the AL-Eh and EtHMA units causing ‘internal’
plasticization (Figure 2.16). It appears that the effect of rigid cyclic groups on Tg’s of
copolymers is less pronounced for the AL-Eh monomer content, which is below 2.1 mol% in copolymers. Similar to the behavior of the difunctional monomers, EHDE and EDEh, the slope of the lines obtained from the plot of total 2-ethylhexyl content (mol-%) in
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the copolymers versus Tg for trifunctional, AL-Eh, and monofunctional, EtHMA, were
almost equal which shows that the impacts of these monomers on depression of Tg’s are
essentially identical on the basis of total pendent group concentration (Figure 2.17).
Conclusions
The ether dimers of octadecyl α-(hydroxymethyl)acrylate (ED-Od, 1) and 2ethylhexyl α-(hydroxymethyl)acrylate (ED-Eh, 4), the diesters of octadecyl α(hydroxymethyl)acrylate (ODE, 2) and 2-ethylhexyl α-(hydroxymethyl)acrylate (EHDE,
6), and amine-linked di(2-ethylhexyl)acrylate (AL-Eh, 7) were successfully synthesized
and polymerized under free radical conditions. Copolymerization of these monomers,
octadecyl methacrylate (ODMA) and 2-ethylhexyl methacrylate (EtHMA) with MMA
showed that the tacticity of the MMA units in the copolymers was not changed. Thus,
tacticity is not a factor in decreases in Tg’s with incorporation of octadecyl side group
containing monomers. The effect of ODMA, ODE, EtHMA, and EHDE on Tg’s was
identical for the same number of octadecyl and 2-ethylhexyl groups in the copolymers. In
spite of formation of a rigid cyclic group in the polymer backbone, incorporation of EDOd, ED-Eh and AL-Eh displayed the same degree of plasticization and Tg decrease as
seen in copolymers of ODMA, ODE, EtHMA and EHDE. We conclude that there is no
plasticization synergism observed in these systems involving placement of multiple
octadecyl or 2-ethylhexyl pendent groups near each other versus their random
incorporation at the same concentration of pendent moieties. It is also concluded that the
depression in Tg’s of copolymers depends on the nature of pendent group rather than the
structure of the monomer containing those groups.
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CHAPTER III
COPOLYMERS OF STYRENE AND 2-ETHYLHEXYL α(HYDROXYMETHYL)ACRYLATE: REACTIVITY RATIOS, SPECTRAL
PROPERTIES, AND PHYSICAL BEHAVIOR
Abstract
A new member of the readily available family of α-functionalized acrylates has
been synthesized, characterized, and polymerized. Reaction of 2-ethylhexyl acrylate with
paraformaldehyde in the presence of catalytic 1,4-diazabicyclo[2.2.2]octane (DABCO)
and t-butyl alcohol at elevated temperatures leads to ca. 30% yields of 2-ethylhexyl α(hydroxymethyl)acrylate (EHHMA). Continued reaction leads to ca. 75% conversion to
the ether dimer of this compound. Copolymerization with styrene occurs readily to give
products that appear to be essentially random copolymers based on the reactivity ratio
values of the monomers. Compositions of copolymers prepared in low conversion by
bulk polymerization of EHHMA and styrene were determined by 1H NMR and 13C NMR
spectroscopy. Reactivity ratios for both EHHMA and styrene, determined by the methods
of Fineman–Ross and Kelen–Tudos, were found to be about 0.42. The depression in the
Tg’s of the styrene copolymers with increasing EHHMA content showed a non-linear
behavior which was attributed to the competition of a plasticizing and an anti-plasticizing
group located within EHHMA structure.
Introduction
Our group has been exploring the synthesis and rich chemistry of the family of
ester derivatives of α-(hydroxymethyl)acrylic acid (HMA). Initial work involved the
facile synthesis of the methyl ester derivative (MHMA)1 and isolation and identification
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of the ether dimer formed under base catalysis.2,3 Also synthesized were the ethyl, nbutyl, and t-butyl esters, all examined for synthesis of hundreds of functional monomers
as precursors for novel polymers finding applications in different areas, some of those are
wood composites4, contact lenses5, liquid-crystalline materials6, crosslinkers7,8, flame
retardant materials9, polymerizable surfactants10 and plasticizers11. Ready
cyclopolymerization of the ether dimers of these materials led to the formation of
polymers containing tetrahydrofuran or tetrahydropyran units in the polymer backbone
and pendent ester groups.12
Tailoring copolymers with desired physical and mechanical properties requires
the accurate estimation of copolymer composition and the precise determination of
monomer reactivity ratios. Acrylic copolymers have a great importance in a number of
industrial applications; hence knowledge of copolymer composition is an important step
in the evaluation of their utility and properties.
Alfrey and Mayo derived the simple copolymer equation, eq 1, which describes
the ratio of the instantaneous rates of consumption of the monomers as a function of the
instantaneous monomer feed ratio and two reactivity ratios, r1 and r213,14.
d[A] / d[Bl = ([A] / [B])[(r1[A]+ [B]) / ([A] + r2[B])] = m1m2

(1)

where d[A]/d[B] is the ratio of the instantaneous rates of consumption of the monomers
A and B (A = M1 and B = M2, M1/M2 = xo) by chain propagation. d[A]/d[B] is
approximated at low conversions by the copolymer composition, m1/m2 = y, since
d[A]/d[B] can’t be measured easily. But, there are difficulties in using eq 1 to determine
monomer reactivity ratio values. The approximation of the ratio of instantaneous
monomer consumption is only done by the copolymer composition, however, it’s very
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well known that most copolymers show drift in the molar feed ratio. The other issue is
that the effect of conversion on monomer reactivity ratios is not generally considered.
There are various methods using the differential equation (eq 1) to determine
monomer reactivity ratio values: linear15,16, intersection14,17,18, curve fitting19,20, and NMR
triad evaluation21. Among these methods, it’s accepted and recommended that a nonlinear least square, Tidwell–Mortimer, or a linear, Kelen–Tudos procedure be used to
determine reactivity ratios.
In this study we describe the ready synthesis of EHHMA and its ether dimer; the
conversion of EHHMA to homopolymer and copolymers with styrene; determination of
monomer reactivity ratio values of EHHMA and styrene; the effect of EHHMA content
on glass transition temperatures of styrene copolymers.
Experimental
Materials
2-Ethylhexyl acrylate (EHA) (98%), paraformaldehyde (PFA), 1,4diazabicyclo[2.2.2]octane (DABCO), and t-butyl alcohol were purchased from the
Aldrich Chemical Co. and used as obtained. Styrene (Acros, 99%) was purified by
distillation and stored over 4A molecular sieves. 2,2-Azobis(isobutyronitrile) (AIBN)
was recrystallized from methanol twice before use and stored in the dark in a refrigerator.
Other reagents and solvents were used as obtained.
Measurements
Solution 1H and 13C NMR spectra were obtained on a Varian Gemini 300
spectrometer with standard acquisition parameters using CDCl3 as solvent. Compositions
of copolymers were determined with a UNITYInova 500 spectrometer using CDCl3 as
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solvent. Thermal transitions were measured with a TA Instruments DSC 2920 thermal
analyzer with heating rates of 10 °C/min under nitrogen.
Analysis of Copolymer Compositions
1

H NMR and gated proton-decoupled 13C NMR integration were utilized to

analyze the copolymer compositions. To maximize signal-to-noise, samples were
prepared as high concentrations as possible (~25 wt %) while still allowing flow. T1
measurements for 13C NMR experiments were done to determine the optimum delay in
acquisition time. It was calculated and set to 5 s, which allowed sufficient time for all
nuclei to relax between scans. The peaks selected for integration are discussed in the
following section.
EHHMA and Ether Synthesis
Procedures for the synthesis of α-(hydroxymethyl)acrylates and their ether dimers
have been published previously.1,2 2-Ethylhexyl acrylate was used in this procedure with
good results along with the addition of t-butyl alcohol. To a three necked round-bottomed
flask were added EHA (184.1 g, 1.0 mol), PFA (29.9 g, 1.0 mol), DABCO (12 g, 4.8 wt
%), and t-butyl alcohol (25 g, 9.9 wt %). The solution was stirred at 90 ºC for 6 days.
After adding 300 ml of diethyl ether, the mixture was washed three times with 100 ml of
3% HCl, and then two times with 100 ml of water. The organic layer was separated and
evaporated under reduced pressure to give the mixture of EHHMA (1) and its ether dimer
(ED-Eh) (2). Pure 1 and 2 were then isolated by column chromatography using ethyl
acetate and hexane as solvents (EtAc:Hexane = 2:98). 1 was purified further by vacuum
distillation. Yields of EHHMA were usually in the range of 30-40%, while those of the
ether could be increased up to ca. 70-75% by prolonged heating of the reaction mixture.
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1

H NMR (CDCl3) of 1: δ (ppm) = 6.25 (s, 1H), 5.87 (s, 1H), 4.32 (d, 2H), 4.09 (d, 2H),

3.85 (t, 1H), 1.64 (m, 1H), 1.32 (m, 8H), 0.91 (t, 6H). 13C NMR (CDCl3) of 1: δ (ppm) =
166.0, 139.6, 124.3, 66.7, 61.1, 38.4, 30.1, 28.5, 23.5, 22.6, 13.6, and 10.6. 1H NMR
(CDCl3) of 2: δ (ppm) = 6.31 (s, 2H), 5.90 (s, 2H), 4.27 (s, 4H), 4.10 (d, 4H), 1.63 (m,
2H), 1.31 (m, 16H), and 0.90 (t, 12H). 13C NMR (CDCl3) of 2: δ (ppm) = 165.7, 137.2,
125.3, 68.8, 66.9, 38.7, 30.4, 28.8, 23.8, 22.9, 13.9, and 10.9. Anal. Calcd for C24H42O5:
C, 70.21%; H, 10.31%. Found: C, 69.93%; H, 10.34%.
Synthesis of Polymers
Poly(2-ethylhexyl α-(hydroxymethyl)acrylate) (Poly[EHHMA]). Bulk and solution
polymerizations of ED-Eh were reported elsewhere.11 Homopolymerization of EHHMA
was performed with 1 mol-% AIBN in bulk at 80 °C for 16 h. The polymerization was
carried out in a sealed tube after three freeze/evacuate/thaw cycles followed by a nitrogen
purge. Polymer was dissolved in chloroform and precipitated into methanol. The filtered
product was reprecipitated twice from chloroform into methanol, then filtered and dried
in vacuo; yield 1.9 g, 63%.
EHHMA/Styrene Copolymer Synthesis. Carefully weighed quantities of EHHMA,
styrene, and AIBN (1 mol-%) were added to a sealed polymerization tube, and degassed
by freeze/evacuate/thaw method followed by nitrogen purge. All polymerizations were
held at 80 °C for a period sufficient to keep conversions low. All polymers were
precipitated into methanol and reprecipitated at least once from methylene chloride into
methanol. All samples were dried in vacuum overnight.
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Results and Discussion
Synthesis of Monomers; EHHMA (1) and its Ether Dimer, ED-Eh (2)
The synthetic route and structures of EHHMA and ED-Eh are shown in Figure
3.1. The one-pot synthesis of EHHMA monomer, used in the homopolymerization and
copolymerization with styrene, involved the reaction of 2-ethylhexyl acrylate with
paraformaldehyde in the presence of DABCO and t-butyl alcohol.

Figure 3.1. Synthesis of EHHMA (1) and its ether dimer, ED-Eh (2).
Excellent purity was attained through separation of the EHHMA and ED-Eh from
crude reaction mixture by column chromatography followed by multiple vacuum
distillations to isolate EHHMA. The conversion of 2-ethylhexyl acrylate to 2-ethylhexyl
α-(hydroxymethyl)acrylate and its ether dimer is comparable with the conversions of
various α-(hydroxymethyl)acrylates and their ether dimers synthesized previously.22,23,24
Figure 3.2 gives the 13C solution NMR spectra of EHHMA and ED-Eh. Typical chemical
shifts are observed for the 2-ethylhexyl carbons and the two vinylidene carbons as listed
in the Experimental Section. The α-methylene carbon connected to the oxygen atom of
the alcohol shows a characteristic downfield shift on going to the ether, i.e., from 61.1 to
68.8 ppm. A similar change in chemical shift for this carbon is observed for all of the α(hydroxymethyl)acrylate ether derivatives that have been synthesized to date.

59

Figure 3.2. 13C NMR Spectra of EHHMA (1) (top) and its ether dimer, ED-Eh (2)
(bottom).
EHHMA-Styrene Copolymer Synthesis and Characterization
The copolymers (structure in Figure 3.3) were readily obtained as white powders
at high styrene compositions but obtained as tacky materials at high EHHMA
compositions. Bulk copolymerizations all involved thermal initiation with AIBN in
degassed solutions provided by multiple freeze-evacuate-thaw cycles. Spectral analysis
confirmed copolymer formation. For example, Figure 3.3 gives typical 1H and 13C NMR
spectra which show aromatic protons between 6.4-7.6 ppm, ester methylene and the
CH2OH methylene protons between 2.7-3.8 ppm, and backbone styrene, backbone and
EHHMA alkyl protons between 0.4-2.1 ppm in 1H NMR spectrum of a typical copolymer
and carbonyls at 175 ppm, aromatic carbons at 145, 127, and 125 ppm, the ester
methylene at 67 ppm, the CH2OH methylene at 62 ppm, and backbone and alkyl carbon

60
absorptions from 52 to 10 ppm respectively in 13C NMR spectrum of a typical
copolymer.
Copolymer Composition Analysis
The critical step for accurate estimation of monomer reactivity ratio values
involves accurate determination of copolymer composition. The mole fraction of styrene
in the copolymers was determined by proton and carbon NMR spectroscopy. Drying is an
important step needed to remove residual solvent and monomers.
NMR offers a simple and rapid evaluation technique for copolymer composition
based on the distinctive adsorption for the phenyl group both in proton and carbon NMR
analyses. 1H NMR spectra of all copolymers show a distinctive and well-separated
aromatic absorption at about 6.9 ppm and EHHMA and backbone protons from about 4.0
to 0.4 ppm. 1H NMR copolymer compositions were easily determined. A quantity of
polymer was dissolved in a volume of chloroform-d, containing TMS as the chemical
shift standard, the spectrum obtained and integrated, and the composition determined by
using
Xs = Aa/((Ab – 3Aa)/22)

(2)

where Xs is the mole fraction of styrene in the copolymer, Aa is the integrated area of the
aromatic protons, and Ab is the integrated area of the styrene backbone plus EHHMA
protons.
Compositions of the copolymers were also determined by the 13C gated-decoupled
NMR method. Using this method, the peaks corresponding to the ester carbon of
EHHMA unit were integrated relative to the quaternary carbon on the styrene aromatic
ring. The corresponding carbon peaks of the comonomers were easy to differentiate from
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the baseline using long acquisition times and the concentrated samples for the analysis.
(Figure 3.3)

Figure 3.3. 1H NMR (top) and 13C NMR (bottom) spectra of typical EHHMA- styrene
copolymers and their integrated peaks.
Table 3.1 gives the wt-% conversion and composition of the various copolymers
isolated and analyzed. Values obtained by 1H NMR and 13C NMR determinations were in
relatively good agreement. Average values for both copolymer composition methods
were used to determine monomer reactivity ratio values.
Monomer Reactivity Ratios
Reactivity ratios for the EHHMA/styrene system were calculated by using two
well-known linear methods. The behavior of the EHHMA/styrene system was evaluated
through a plot of copolymer composition vs feed composition (Figure 3.4). Both
reactivity ratios are less than unity and of similar magnitude, as shown by an azeotropic
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composition at approximately 50% EHHMA feed, which lead to a tendency toward
alternation and no long homopolymeric blocks.25 The two linear methods most often used
to determine monomer reactivity ratios are the Fineman-Ross and Kelen-Tudos
procedures. The Fineman-Ross equation15 (eq 3) is one of the earliest attempts to
linearize eq 1 by defining new dependent and independent variables.
G = r1F – r2

(3)

G is defined as xo(1–1/y) and F as x2o/y, where y is the mole ratio of monomers in
the copolymer and xo is the mole ratio of monomers in the feed. The slope of G vs F
gives r1, whereas the intercept is -r2.
Table 3.1
Monomer Feed and Copolymer Composition Ratios
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Figure 3.4. Copolymer composition vs feed composition.
Fineman-Ross method suffers from a number of disadvantages. Specifically,
certain experimental points have abnormal and inappropriate weights in the FinemanRoss plot; thus, experiments made at the lowest comonomer concentrations have points
the furthest from the vertical axis and with the greatest influence on the slope of the line.
Moreover, eq 3 does not provide visual confirmation of eq 1, and degrees of conversion
which affect y have been ignored. In general, the Fineman-Ross method is considered as
a fast approximation of monomer reactivity ratio values. Because of the various problems
associated with the Fineman-Ross method it is recommended that the slope of the best
visual fit of both the Fineman-Ross and reindexed Fineman-Ross plots be used to
determine monomer reactivity ratio values.26 Monomer reactivity ratio values determined
from the best visual slopes of the Fineman-Ross and reindexed Fineman-Ross plots are
found to be 0.38 for EHHMA and 0.43 for styrene (Figs 3.5 and 3.6).
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Figure 3.5. Fineman-Ross plot, averaged data.

Figure 3.6. Reindexed Fineman-Ross plot, averaged data.
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The Kelen-Tudos equation (eq 4) symmetrically transforms eq 3 by introducing
new parameters η and ξ and a symmetry parameter α defined as (Fmin/Fmax)0.5, where Fmin
and Fmax represent the lowest and highest values of F that are calculated.
η = ξ(r1 + r2/α) – r2/α

(4)

The transformed variables are defined as η = G/(α + F) and ξ = F/(α + F), where the
variable ξ can take any possible value in the interval of 0 and 1. A plot of η vs ξ gives a
straight line, which on extrapolation to ξ = 0 and ξ = 1 gives -r2/α and r1, respectively.
This procedure does not suffer from reindexing errors and with modifications, can be
used with relatively high conversions. Furthermore, it gives the data symmetrically
located along the interval of the independent variable and gives a visual evaluation of the
applicability of eq 1. Figure 3.7 of the conversion-extended Kelen-Tudos plot gives
rEHHMA = 0.407 ± 0.016 and rstyrene = 0.424 ± 0.008 with a correlation coefficient of 0.996.
The calculations required for an extended Kelen-Tudos analysis are described very well
in detail in a previous study.27
It has been reported previously that under proper conditions the Kelen-Tudos
procedure can be used with almost as much confidence as a nonlinear least-squares
procedure.28 Because monomer composition changes with conversion (except at the
azeotropic feed composition) and drifts away from the azeotropic composition, it was
important to keep the conversions as low as possible to prevent the compositional drift
which can complicate the accurate measurement of monomer reactivity ratios. Most of
the data points were obtained at lower conversions, and some of the high conversion data
points are close to the azeotropic composition, where the drift is not so serious.
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Therefore, it can be concluded that the reactivity ratios are reliable utilizing Kelen-Tudos
procedure, which is one of the recommended methods to determine reactivity ratios.

Figure 3.7. Extended Kelen-Tudos plot, averaged data.
The reactivity ratios of 0.41 and 0.42 indicate that at equal monomer
concentrations the adduct radical of either monomer is about 2.5 times more likely to
react with the other monomer relative to its own monomer. This would indicate a random
copolymer with a strong tendency toward alternation. Long blocks of homopolymer are
therefore not expected to any extent in the copolymers. These reactivity ratios may be
compared to reactivity ratios calculated for other acrylate/styrene and α(hydroxymethyl)acrylate/styrene systems (Table 3.2).29 The reactivity of EHHMA is
similar to that of methacrylate and α-(hydroxymethyl)acrylate monomers.
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Table 3.2
Comparable Reactivity Ratios

Glass Transitions of Copolymers
EHHMA modifies the thermal properties of EHHMA-co-styrene polymers.
Figure 3.8 shows the Tg values determined on the second heating cycle. Glass transitions
are seen to decrease in a relatively linear manner up to about 65 mol-% EHHMA, where
a plateau is achieved. One explanation of this behavior might involve the decrease in Tg
due to the plasticization effect caused by the pendent 2-ethylhexyl groups of EHHMA.
Competing with this effect is the increase in Tg caused by strong intermolecular
interactions, which resulted from the hydrogen bonding of pendent hydroxymethyl
groups. Interaction between hydroxyl groups and ester carbonyls should decrease main
chain mobility and therefore cause an increase in Tg. It’s possible that, up to a certain
EHHMA monomer content, the effect of hydrogen bonding on Tg’s is less pronounced
but becomes important with increasing EHHMA content. In fact, when the Tg of
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poly(EHHMA), 46 °C, is compared with the Tg of poly(2-ethylhexyl methacrylate), – 10
°C, attaching a single hydroxyl group capable of intra- and/or intermolecular hydrogen
bonding to the α-methyl carbon of each repeat unit decreases segmental motion
significantly and causes a 56 °C increase in glass transition temperature.

Figure 3.8. Glass transition temperatures of the copolymers.
Conclusions
A new α-hydroxymethyl monomer containing a 2-ethylhexyl ester group and its
ether dimer are readily available from 2-ethylhexyl acrylate. Both alcohol and ether are
capable of radical polymerization to give the corresponding linear homopolymer and
cyclopolymer, respectively, in good yield and high molecular weights. Facile
copolymerization occurs for these monomers as demonstrated for EHHMA with styrene.
Reactivity ratios for EHHMA and styrene were determined by two different linear
methods. More reliable and accurate Kelen-Tudos method gave values for both
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monomers of about 0.42. The depression in the Tg’s of the styrene copolymers with
increasing EHHMA content showed a non-linear behavior which was attributed to the
competition of a plasticizing and an anti-plasticizing group located within the same repeat
unit structure.
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CHAPTER IV
NEW CLASS OF ACRYLIC POLYMERS DERIVED FROM α-AMINO-εCAPROLACTAM, A BIO-BASED MATERIAL
Abstract
The acrylamide (ACRCL), methacrylamide (MACRCL), diallyl (DAAC), and
diacrylate (DEMAC and ED-ACL) derivatives of α-amino-ε-caprolactam were
synthesized. The monomers were obtained with good conversions and high purity. Free
radical polymerizations of DAAC, DEMAC, and ED-ACL gave soluble cyclopolymers
due to high degree of intra- rather than intermolecular reactions during polymerizations.
1

H NMR and 13C NMR analyses of the cyclopolymers confirmed that the cyclization

efficiencies were very high. All homopolymers showed unusually high glass transition
temperatures along with unique secondary thermal transitions which were attributed to
strong intra- and intermolecular hydrogen bonding.
Introduction
Polymerization of 1,6-heptadienes involves sequential intramolecularintermolecular propagation steps to give soluble cyclopolymers under the appropriate
conditions.1 The cyclopolymers obtained have properties such as higher glass transition
temperatures, better thermal stabilities and less shrinkage during polymerization than
noncyclic linear analogs. Major problems observed in synthesizing cyclopolymers arise
from imperfect cyclization, which leads to unsaturated vinyl moieties as pendant groups
that can cause crosslinking. Thus, high degrees of cyclization (which depend on
monomer structure and polymerization conditions) is a necessity for successful synthesis
of cyclopolymers.
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Previously, ether dimers of α-(hydroxymethyl)acrylates, malononitrile and amine
linked diacrylates were reported as excellent monomers for cyclopolymerization.2-4
Diallyl ammonium salts and N-substituted derivatives are another family of difunctional
monomers that undergo cyclopolymerization to give polymers that are commercially
important water treatment and ion-exchange resins.5
Historically, polymers have been produced from chemical feedstocks that are
derived from oil. However, with the global demand for oil leading to higher prices, the
desirability of manufacturing industrially useful polymers from renewable resources is
increasing. One such renewable starting material is biomass. It has been reported by Frost
that biomass can be converted to α-amino-ε-caprolactam (ACL) by a combination of
fermentation and chemical processes.6 First, lysine is obtained from a fermentation
process then it’s followed by ring-closure reaction of lysine hydrochloride to yield ACL.
The resulting ACL can serve as the basis for synthesizing industrially useful chemicals
through appropriate chemical reaction and/or modification. In this study, we describe the
synthesis and free radical polymerization of new acrylamide, methacrylamide, diallyl,
and diacrylate derivatives of α-amino-ε-caprolactam related to the monomers mentioned
above.
Experimental
Overall structures of the monomers investigated here are illustrated in Figure 4.1.
Materials
DL-alpha-amino-epsilon-caprolactam (ACL) (97%) was purchased from TCI
America and purified further by sublimation under reduced pressure before use. Allyl
bromide (99%) was purchased from Acros and used as obtained. Ethyl α-
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(chloromethyl)acrylate (ECMA) was prepared using a literature procedure.7 t-Butyl
acrylate (98%), paraformaldehyde, 1,4-diazabicyclo[2.2.2]octane (DABCO), t-butyl
alcohol, acryloyl chloride (96 %) and methacrylic anhydride (94 %) were purchased from
Aldrich and used as obtained. 2,2-Azobis(isobutyronitrile) (AIBN) was recrystallized
from methanol twice before use. Other reagents and solvents were used as obtained.
Characterization
Solution 1H and 13C NMR spectra were obtained on a Varian Gemini 300
spectrometer with standard acquisition parameters. Thermal transitions were measured
with a TA Instruments DSC 2920 thermal analyzer with heating rates of 10 °C/min under
nitrogen. FTIR spectra were recorded on an ATI-Mattson Galaxy 5000 FTIR
Spectrometer.
Monomer Synthesis
Synthesis of ether dimer of acryloyl chloride (EDAC). To a 250 ml three-necked
round-bottomed flask were added t-butyl acrylate (137.7 g, 1.08 mol), paraformaldehyde
(32.3 g, 1.08 mol), DABCO (5.38 g, 2.9 wt-%) and t-butyl alcohol (8.61 g, 4.7 wt-%).
The mixture was stirred at 90 °C for 5 days. After adding 200 ml of CH2C12, the mixture
was washed three times with 100 ml of 3% HC1, and then with 100 ml of water. The
organic layer was separated and evaporated under reduced pressure to give crude product
which was a mixture of t-butyl α-(hydroxymethyl)acrylate and its ether dimer. In a 500mL one-neck round-bottom flask 50 g of this reaction mixture and excess thionyl
chloride were added and stirred at ambient temperature for 24 h. Most of the thionyl
chloride was evaporated in the rotary evaporator, and vacuum distillation of the residue
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gave EDAC as a clear liquid. 13C NMR (75 MHz, CDCl3) δ (ppm) = 166.8, 140.8, 134.3
and 68.5.
Synthesis of α-acrylamido-ε-caprolactam (ACRCL, 1). ACL (0.01 mol, 1.28 g) was
dissolved in 10 ml H2O in a 100 ml round bottomed flask charged with a magnetic stirrer.
After addition of 5 ml 4 N NaOH (aq) the reaction flask was placed in an ice bath.
Acryloyl chloride (0.0125 mol, 1.17 g) was dissolved in 15 ml CHCl3 and added into the
aqueous solution under vigorous stirring. The reaction was allowed to proceed overnight
at room temperature. The reaction mixture was transferred into an extraction funnel and
CHCl3 phase was separated. The aqueous phase was extracted with CHCl3 (3 × 50 ml).
The combined organic solution was dried over anhydrous Na2SO4, filtered and the
solvent was removed. The product was further purified by washing with diethyl ether
several times to obtain pure 1 as a white solid in 78% yield), mp, 177 °C. 1H NMR (300
MHz, d-DMSO) δ (ppm) = 8.14 (d, 1H), 7.82 (t, 1H), 6.42 (dd, 1H), 6.07 (d, 1H), 5.56
(d, 1H), 4.49 (q, 1H), 3.13 (m, 2H), 1.75 (m, 4H), 1.43 (q, 1H) and 1.21 (q, 1H). 13C
NMR (75 MHz, d-DMSO) δ (ppm) = 174.2, 163.6, 131.8, 125.2, 51.5, 40.7, 31.2, 28.9
and 27.7.
Synthesis of α-methacrylamido-ε-caprolactam (MACRCL, 2). ACL (0.046 mol, 5.89
g) was dissolved in 45 ml H2O. After addition of 22 ml 4 N NaOH (aq) the reaction flask
was placed in an ice bath. Methacrylic anhydride (0.057 mol, 9.42 g) was dissolved in 67
ml CHCl3 and added slowly into the aqueous solution. The ice bath was removed after 30
min and the reaction mixture was maintained under stirring overnight at room
temperature. The reaction mixture was transferred into an extraction funnel and CHCl3
phase was separated. The aqueous phase was extracted with CHCl3 (2 × 50 ml). The
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combined organic solution was dried over anhydrous Na2SO4, filtered and the solvent
was removed. The product was recrystallized from toluene to get pure 2 72% yield), mp
135 °C. 13C NMR (75 MHz, d-DMSO) δ (ppm) = 174.3, 166.1, 139.6, 119.5, 51.6, 40.7,
30.8, 28.9, 27.7, and 18.4.
Synthesis of diallyl derivative of ACL (DAAC, 3). To a mixture of ACL (5 g, 0.039
mol) and K2CO3 (11.86 g, 0.086 mol) in THF (75 mL) and DMF (25 mL) in an ice-bath,
allyl bromide (14.16 g, 0.117 mol) was added dropwise. The mixture was then stirred at
70 ºC for 24 h. Insoluble salt was filtered and the solvent was evaporated under reduced
pressure. The crude solid product was then crystallized from a large amount of hexane
(500 mL) to give pure 3 in 55% yield; m.p. 93 ºC. 1H NMR (300 MHz, CDCl3) δ (ppm) =
6.95 (t, 1H), 5.77 (p, 1H), 5.65 (p, 1H), 5.09 (d, 2H), 4.94 (d, 2H), 3.44–2.89 (m, 7H),
and 1.88–1.31 (m, 6H). 13C NMR (CDCl3): δ = 178.3, 136.6, 116.4, 61.6, 53.1, 41.4,
29.1, 28.1, and 27.2 ppm.
Synthesis of diacrylate derivative of ACL (DEMAC, 4). To a mixture of ACL (4 g,
31.4 mmol) and K2CO3 (9.55 g, 69.1 mmol) in THF (45 mL) and DMF (15 mL) in an icebath, ECMA (14 g, 94.2 mmol) was added dropwise. The mixture was then stirred at 80
ºC for 24 h. Insoluble salt was filtered and 350 mL of CH2Cl2 was added to the remaining
solution which was then extracted with 3 x 150 mL aliquots of water. The organic layer
was separated, dried with sodium sulfate, and evaporated under reduced pressure. The
resulting mixture was poured into 700 mL of hexane and stirred for 1 h before leaving the
solution open to atmosphere overnight at room temperature. The crystals formed during
the evaporation of hexane were isolated, washed with cold hexane and dried in vacuo to
give pure 4 in 62% yield; m.p. 91 ºC. 1H NMR (300 MHz, CDCl3) δ (ppm) = 7.02 (t,
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1H), 5.86 (s, 2H), 5.48 (s, 2H), 3.89 (q, 4H), 3.21–3.26 (m, 5H), 2.91 (q, 2H), 1.91–1.11
(m, 6H) and 1.01 (t, 6H). 13C NMR (75 MHz, CDCl3): δ = 177.9, 166.2, 139.1, 124.6,
61.4, 59.6, 51.4, 41.2, 29.3, 28.6, 28.1, and 13.5 ppm.
Synthesis of ether dimer of α-acrylamido-ε-caprolactam (ED-ACL, 5). To a mixture
of ACL (7.57 g, 59.1 mmol) and TEA (6.54 g, 64.6 mmol) in THF (150 mL) in an ice
bath, EDAC (6.27 g, 28.1 mmol) was added dropwise. The reaction mixture was stirred
in the ice bath for 30 min, then it was heated to 60 °C and stirred for another 30 min
followed by stirring at room temperature for 24 h. Insoluble salt was filtered and THF
was evaporated under reduced pressure. ED-ACL was isolated as a yellow solid after
successive precipitations into hexane; yield 9.1 g, 74%. 13C NMR (75 MHz, CDCl3) δ
(ppm) = 175.4, 165.1, 139.0, 122.8, 69.4, 51.9, 41.6, 31.1, 28.5 and 27.7.
Typical polymerization conditions
Poly(α-acrylamido-ε-caprolactam) Poly(ACRCL). Homopolymerization of ACRCL
was performed with 0.5 mol-% AIBN as a 1 M solution in DMSO at 60 °C for 22 h. The
polymerization was carried out in a sealed tube after three freeze/evacuate/thaw cycles
followed by a N2 purge. Polymer was precipitated into acetone. The filtered product was
reprecipitated twice from DMSO into acetone, then filtered and dried in vacuo; yield
1.28g, 98%.
Poly(α-methacrylamido-ε-caprolactam) Poly(MACRCL). MACRCL (1.3 g, 6.62
mmol) was homopolymerized with AIBN (5.4 mg, 0.5 mol-%) as a 15 wt-% solution in
DMSO in a polymerization tube. The solution was subjected to three
freeze/evacuate/thaw cycles followed by N2 purge and then put into an oil bath preheated
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to 60 °C and held there for 22 h. Polymer was precipitated into acetone, then
reprecipitated from DMSO into acetone, and dried in vacuo; yield 1.26 g, 97%.
Poly(DAAC). Monomer 3 (0.5 g) was dissolved in excess (10 mol-%) concentrated
HCl in an ice-bath under a nitrogen atmosphere to form a 50% by weight solution of
DAAC-hydrochloride in water. A water-soluble azo inititor, 2,2’-azobis(amidinopropane)
hydrochloride (V-50) (0.01 g, 1.5 mol-%), was added to the solution. The solution was
subjected to three freeze/evacuate/thaw cycles followed by nitrogen purge and the
polymerization carried out at 65 °C under a nitrogen atmosphere for 30 h. One further
dose of initiator (0.01 g) was added to the system at the 16th h of polymerization. The
resulting polymer solution was made basic and the precipitated polymer dried under
vacuum. The polymer was washed with acetone and dried in vacuo.
Poly(DEMAC). DEMAC was polymerized both in solution and in bulk. For solution
polymerization of DEMAC, monomer 4 (1 g), DMSO (3.8 g), and AIBN (0.5 mol-%),
were added to a polymerization tube equipped with a small magnetic stir-bar. The
solution was subjected to three freeze/evacuate/thaw cycles followed by nitrogen purge
(which was continued during the polymerization) and then put into an oil bath preheated
to 80 °C. After 24 h, the resulting polymer solution was diluted with 3 mL of DMSO and
poured into cold acetone. The precipitate was filtered and washed with cold acetone and
then dried in vacuo. The polymer obtained was dissolved in DMSO and reprecipitated
into cold acetone; yield 0.3 g, 30%. For bulk polymerization of DEMAC, monomer 4
(0.7 g) and AIBN (0.5 mol-%), were added to a polymerization tube equipped with a
small magnetic stir-bar. The polymerization tube was purged with nitrogen and then put
into an oil bath preheated to 95 °C. After 1 h, the resulting polymer mixture was allowed

78
to cool to room temperature and dissolved in 10 mL of DMSO. Polymer was isolated by
precipitation into cold acetone and then reprecipitated from DMSO into cold acetone;
yield 0.32 g, 46%.
Poly(ED-ACL). Monomer 5 (1.5 g, 3.7 mmol) was homopolymerized with AIBN (3.0
mg, 0.5 mol-%) as a 1 M solution in DMSO at 65 °C for 24 h in a sealed tube after three
freeze/evacuate/thaw cycles followed by a nitrogen purge. Polymer was isolated by
precipitation into acetone and then reprecipitated twice from DMSO into chloroform;
yield 0.56 g, 37%.

Figure 4.1. Structures of the monomers derived from ACL.
Results and Discussion
Synthesis and Characterization of Monomers
ACRCL and MACRCL were synthesized under Schotten-Baumann conditions by
the reaction of ACL with acryloyl chloride and methacrylic anhydride, respectively, as
shown in Figure 4.2. Both monomers were obtained in high yield and purity and their
structures were confirmed by NMR spectroscopy (Figures 4.3 and 4.4). DSC analysis
revealed high melting temperatures of these crystalline monomers.
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Figure 4.2. Synthesis of ACRCL (1) and MACRCL (2).

Figure 4.3. 13C NMR spectra of ACRCL (bottom) and its homopolymer (top).
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Figure 4.4. 13C NMR spectra of MACRCL (bottom) and its homopolymer (top).
The syntheses of DAAC and DEMAC are shown in Figure 4.5. The molar ratio of
ECMA and allyl bromide to ACL was adjusted as 3:1 to avoid formation of monoadducts
(secondary amines). Also, reaction times were kept long (24 h at 70-80 ºC) due to
probable steric hindrance. The monomers were isolated by crystallization from hexane.
Overall monomer yields were ~60% and successful syntheses of the monomers were
confirmed by FTIR and 13C NMR (Figs. 4.6 and 4.7). DSC analysis showed melting
endotherms also for DAAC and DEMAC but the melting temperatures were much lower
than the melting temperatures of ACRCL and MACRCL.
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Figure 4.5. Synthesis of DAAC (3) and DEMAC (4).

Figure 4.6. Absorbance IR spectra of DEMAC (top) and DAAC (bottom).
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Figure 4.7. 13C NMR spectra of DAAC (bottom), DEMAC (top) and assigned peaks.
The one-pot synthesis of ED-ACL involved the reaction of an ether-linked diacid
chloride with ACL in the presence of TEA as acid scavenger (Figure 4.8). The ether
dimer formation was confirmed by the unique ether dimer peak at ~69 ppm which is
shown in the 13C NMR spectrum of ED-ACL in Figure 4.9.

Figure 4.8. Synthesis of ED-ACL (5).
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Figure 4.9. 13C NMR spectrum of ED-ACL and assigned peaks.
Polymer Synthesis and Characterization
All polymers were synthesized free radically and the structures of all polymers
were confirmed by solution NMR spectroscopy. Polymerization of ACRCL was
confirmed by downfield chemical shift of acrylamide carbonyl peak and the
disappearance of vinyl carbons at 125.2–131.8 ppm and appearance of backbone carbon
peaks at around 36 ppm in the 13C NMR spectrum (Figure 4.3). Thermal analysis of
poly(ACRCL) revealed a very high glass transition temperature, 245 °C, and a significant
secondary transition around 78 °C (Figure 4.10). Such high glass transition temperature
can be attributed to decreased chain mobility and increased rotational barrier upon
incorporation of a bulky pendant group capable of intra- and/or intermolecular hydrogen
bonding. MACRCL was homopolymerized in solution and the structure of its polymer
was confirmed by downfield chemical shift of methacrylamide carbonyl peak and the
disappearance of vinyl carbons at 119.5–139.6 ppm and appearance of backbone carbon
peaks at around 45 ppm in the 13C NMR spectrum (Figure 4.4).

84

Figure 4.10. DSC thermogram of poly(ACRCL).
Thermal analysis of poly(MACRCL) also showed a very high glass transition
temperature, 285 °C at which polymer started to decompose, and a secondary transition
around 73 °C (Figure 4.11).

Figure 4.11. DSC thermogram of poly(MACRCL).
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Poly(DEMAC) obtained from both bulk and solution polymerizations were
soluble (in DMSO, DMF, MeOH) which confirms lack of crosslinking. Also, polymers
obtained from both methods did not show pendant unsaturation (see Fig. 4.12) due to
almost complete cyclization. Poly(DEMAC) had a Tg of 210 °C which is lower than that
of poly(ACRCL) and poly(MACRCL) probably due to two ethyl side groups in each
repeat unit causing internal plasticization. The secondary transition temperature observed
for poly(DEMAC) was 45 °C.
Figures 4.7 and 4.13 give the 13C NMR spectra of DAAC and its homopolymer.
Clearly, the lack of pendant vinyl groups in the cyclopolymer indicates a high degree of
intra- rather than intermolecular reaction during the polymerization. Ready solubility in
dilute acid confirms lack of crosslinking.

Figure 4.12. 1H NMR (bottom) and 13C NMR (top) spectra of Poly(DEMAC).
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Poly(DAAC) is assumed to have predominantly five-membered ring repeating
units based on literature findings for cyclopolymerization of diallyldimethyl
ammoniumchloride8 and ethyl α-(allyloxymethyl)acrylate.9 The Tg of poly(DAAC) was
observed at 157 °C, which was the lowest among the glass transition temperatures of all
polymers. This can be explained by the fact that poly(DAAC) has more flexible backbone
compared with the other polymers.

Figure 4.13. 13C NMR spectrum of Poly(DAAC) in TFE:CDCl3 mixture.
Poly(ED-ACL) obtained from solution polymerization was soluble (in DMSO,
TFE:chloroform mixture) which confirms lack of crosslinking. The structure of the final
polymer was confirmed by 13C NMR analysis (Figure 4.14). Similar to the thermal
behavior of other polymers, DSC analysis of poly(ED-ACL) showed a Tg of 205 °C and a
significant secondary transition temperature around 92 °C.
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Figure 4.14. 13C NMR spectrum of Poly(ED-ACL) in TFE:CDCl3 mixture.
Conclusions
The acrylamide (ACRCL, 1), the methacrylamide (MACRCL, 2), the diallyl
(DAAC, 3), and the diacrylate (DEMAC, 4 and ED-ACL, 5) derivatives of α-amino-εcaprolactam were successfully synthesized and polymerized under free radical
conditions. Free radical polymerizations of DAAC, DEMAC, and ED-ACL gave soluble
cyclopolymers with high cyclization efficiencies concluded according to 1H NMR and
13

C NMR analyses. All homopolymers showed unusually high glass transition

temperatures (285 °C–157 °C) along with unique secondary thermal transitions probably
due to strong intra- and intermolecular hydrogen bonding characteristic of pendant
groups.
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